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We have been investigating the chemistry of metal thio- and selenocarboxylates 
for more than a decade in our laboratory. As a part of on going research in this area, we 
have found many of these inorganic compounds to be suitable as single molecular 
precursors for making metal sulfide and selenide materials.  These metal sulfide and 
selenide materials find wide applications in photovoltaic, optoelectronic devices, and 
optical materials. Although there are a number of ways of making these materials, there 
are certain advantageous of using single-source precursors route. The foremost benefit is 
in the development of coordination chemistry of metal thiocarboxylates. The aim of this 
thesis is, therefore, to synthesize suitable metal thiocarboxylates as single molecular 
precursors for making metal sulfide powders, thin films and nanocrystals (NCs). 
The coordination chemistry of metal thiocarboxylates, various methods to 
synthesize metal sulfide materials in the form of thin films, NCs and powders have been 
reviewed in Chapter 1.  In particular, single molecular routes to metal sulfides thin films 
and NCs have been summarized. The size and morphology control of nano-size materials 
and their properties investigations have been highlighted. 
The synthesis and characterizations of several metal thiocarboxylates have been 
presented in Chapter 2. In the section 1 of Chapter 2, the synthesis, characterization and 
solid-state structures of lanthanides thiocarboxylates 
[M(2,2’-bpy)(SC{O}Ph)3(H2O)]⋅Et2O where M = La (1), Pr (2) and Sm (3), 
[M(2,2’-bpy)2(SC{O}Ph)3] where M = La (4) and Pr (5), 
[Yb(2,2’-bpy)(SC{O}Ph)3]⋅CH2Cl2 (6a) were described. The absorption properties of 
 XI
 
materials are important emerging area of interest as they find potential applications in gas 
storage, selective gas recognition and separation. Understanding the host-guest 
interactions is essential in controlling and retaining the guests in the crystal lattice. The 
eight-membered ring formed by strong hydrogen bonds between two Et2O solvates and 
two aqua ligands in complexes, 1-3, is able to retain Et2O above its boiling temperature, 
34.6ºC. Compounds 4- 6a serve as precursors for Ln2O2S (Ln = La, Pr and Yb) 
compounds. The lanthanides oxysulfides have been reported to have high luminescence 
efficiency and low afterglow properties and have attracted considerable interest as 
luminescence materials for a variety of applications.  
In section 2 of this chapter 2, synthesis and crystal structure of 
[Mg{In(SC{O}Ph)4}2], 7 and [Ca(H2O)x{In(SC{O}Ph)4}2]·yH2O (x = 0, y = 1, 8 major 
product; x = 1, y = 0, 8a minor product; x = 2, y = 2, 8b minor product) were described. 
In 8a, [Ca(H2O)2{In(SC{O}Ph)4}2] forms a channel structure in which a single-stranded 
hydrogen-bonded water chain is trapped. The bimetallic thiocarboxylates 7 and 8 are 
useful precursors for making MgIn2S4 and CaIn2S4 which are potential materials for 
optoelectronics applications. 
Chapter 3 deals with metal sulfide thin film. In the section 1, the details of 
lanthanum sulfide (La2S3) thin films from single-source precursor 
[La(2,2’-bipy)(S2CNEt2)3], 9 by metal organic chemical vapor deposition (MOCVD) 
have been described. The preparative parameters, such as substrate temperature and the 
nature of substrates, are optimized to get well-defined cubic phase (γ) lanthanum sulfide 
thin films with triangular facets morphology.  Due to the distinctive layer structure and 
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electronic properties, MoS2 attracted an intense interest of scientists and has been 
investigated extensively as solid lubricants in high temperature and vacuum environments 
and indispensable industrial catalysts for hydrodesulfurization of crude oil. Section 2 of 
this chapter describes MOCVD method to deposit MoS2 thin films from [Mo-
2(SC{O}Me)4(PPh3)2], 10. The thin films consisted randomly oriented hexagonal phase 
MoS2.  
The synthesized metal sulfides NCs or nanomaterials have been presented in 
chapter 4. In the first section colloidal NCs of metastable orthorhombic AgInS2 
obtained by decomposing [(Ph3P)2AgIn(SCOPh)4], 12, in dodecanethiol and oleic 
acid at 125 - 200 ˚C have been discussed. These well dispersed NCs show significant 
third order non-linear optical properties. The next section presents the details of 
formation of monodispersed polyhedral shaped AgInS2 NCs from the precursors 
[Ag(SC{O}Ph)], 13, and [In(2,2’-bipy)(SC{O}Ph)3], 15. The synthesis of AgInS2 
NCs was further investigated by varying the dual- and multiple-source precursors, 
and other parameters such as surfactants, surfactant ratio, temperature and time 
duration to optimize the conditions to get better quality NCs. In all these reactions, a 
heterobimetallic thiobenzoate intermediate similar to the single-source precursor 
[(Ph3P)2AgIn(SC{O}Ph)4], 12, has been proposed to have formed which decompose 
subsequently to AgInS2 NCs. In the final section of chapter 4, I have presentated the 
synthesis of Bi2S3 nanomaterials having various morphologies, including nanorods, 
dandelion-like nanostructures, nanoleaves, nanoflowers and nanocabages-like 
nanostructures by one simple, effective and reproducible synthesis route without any 
solid templates or complicated procedures. In this synthetic route, single-source 
 XIII
 
precursor, [Bi(SCOPh)3], 16, has been used to generate Bi2S3 nanomaterials with 1D 
or other 3D complex morphologies. Multiple-source precursors to Bi2S3 NCs by 
using hydrothermal method were also investigated.  
In summary, the coordination chemistry and the structure features of several metal 
thiocarboxylates have been investigated. The use of these metal complexes as single 
molecular precursors to generate metal sulfide materials was explored. The physical 
properties of metal sulfide powders, thin films and NCs have been investigated. This 
thesis is a contribution for transforming sulfur containing inorganic complexes to (metal 
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Chapter 1. Introduction 
1.1 Exploration of metal complexes with sulfur-donor ligands 
1.1.1 Introduction of various sulfur-donor ligands 
The chemistry of sulfur-donor ligands, especially for coordinating various metals, 
was extensively studied due to their important role in the chemistry of life science. 
Several sulfur-donor ligands, such as thiolates, thiocarbamates, xanthates and 
thiocarboxylates as shown in Figure 1.1 have been investigated over the years. They are 


























Dithiocarboxylate Monothiocarboxylate  
Figure 1.1. Diagram of sulfur donor ligands 
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Metal thiolates (M-SR) are the derivatives of thiols, in which a metal replaces the 
hydrogen attached to sulfur. Metal thiolates have constantly attracted attention as a class 
of compounds serving as single-source precursors for the low temperature synthesis of 
metal sulfides. For example, barium sulfide (BaS) and derivatives are used industrially in 
the production of some paints.1 Normally BaS is produced commercially at very high 
temperatures (>1200 oC) from the reduction of barite (BaSO4) using carbon as the 
reductant. However, when barium thiolate, barium bis(2-(2-butoxyethoxy)ethylthiolate), 
was heated under vacuum at 220 oC for two hours, a complete conversion into crystalline 
barium sulfide was achieved.1 
Metal thiocarbamates can be classified as monothiocarbamates (M-S{O}CNR2)2 
and dithiocarbamates (M-S2CNR2)3 depending on the oxygen of carbamates are replaced 
by sulfur partially or completely. Metal complexes of another group of sulfur-donor 
ligand, xanthates and its derivatives,4 include metal xanthates (M-S2COR),5 metal 
monoxanthates (M-S{O}COR)6 and metal thioxanthate (M-S2CSR).7 Owing to the 
structural and skeletal similarities, metal thioxanthates complexes closely resemble the 
xanthates and dithiocarbamates. The stability of the thioxanthates decreases and the 
ability of the ligand to reduce the central metal atom increases with increasing chain 
length when R is an alkyl group similar to xanthates. Complexes with branched alkyl 
chains are more stable than the straight-chain analogues. The metal thioxanthates are 
suitable ingredient in lubricating oil, especially for automotive engine oils and hydraulic 
fluids and have good wear resistance and low friction properties.8   
Alkali metal thiocarboxylates in which one or two oxygen atoms in the carboxyl 
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group are replaced by sulfur atom are considered as a kind of heteroallylic anion system 
(I-III in Scheme 1.1).9 Metal thiocarboxylates are classified to dithiocarboxylates 
(M-S{S}CR) and monothiocarboxylates (M-S{O}CR). 
E E' E E' E E'
I II III
E, E' = O, S, Se, Te  
Scheme 1.1. Heteroallylic anion system 
Among all the sulfur-donor ligands mentioned above, monothiocarbamates, 
monoxanthates and monothiocarboxylates have been paid less attention compared to their 
dithio counterparts because initially the ditho ligands were used as sulfur source in the 
precursors and they have been elaborately studied. In fact, the asymmetry monothio 
ligands with hard oxygen and soft sulfur donor sites are expected to show more 
interesting coordination chemistry than their dithio derivatives. The structural feature of 
these ligands may prompt the formation of polynuclear or hetero polynuclear compounds. 
The presence of hard and soft donor sites also facilitates the integration of hard and soft 
metal into one molecule. In the next section chemistry of thiocarboxylate is reviewed 
very briefly. 
1.1.2 Introduction of various metal thiocarboxylates 
A thorough literature review reveals that the chemistry of monothiocarboxylates 
has been widely studied. However the research has focused on the group 8-12 transition 
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metal complexes while there are very few reports about the group 3 and 4 metal 
thiocarboxylates.10-12 Paszczynski et al.10 have reported the Scandium, Neodymium and 
Uranium pyridine-2,6-bis(thiocarboxylate) complexes (shown in Figure 1.2). In fact this 
ligand is different from the monothiocarboxylate ligand. Its symmetric structural feature 
limit the binding suit to sulfur only and the binding mode is very fixed. Till now, only 
titanium has ever been reported to form titanium thiocarboxylates with two 
Cyclopentadienyl groups (shown in Figure 1.3).12 
 
Figure 1.2. The associated structures for Sc, Nd and U complexes (copyright permission 

















Figure 1.3. Structure of titanium thiocarboxylates complexes.12 
It should be highlighted that group 6 metal thiocarboxylates need the scientists to 
pay more effort to because they may be suitable precursors for preparing the 
corresponding metal sulfide materials. Chromium thiocarboxylates, Cr(S{O}CPh)3, was 
obtained successfully and proved to have bidentate binding mode by FT-IR 
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spectroscopy.13 A number of papers have appeared in recent years on the synthesis of 
thiocarbamates and xanthates of molybdenum, and in most of cases molybdenum ion is in 
the formal oxidation states of VI, V and VI, e.g., 
[Mo(NN-CO-C6H4-NO2){S2CN(C2H5)2}3] (shown in Figure 1.4);14 
[Mo(S2CN(C2H5)2)4][MoCl4(OCH3)2];14 [{Mo(S2CNEt2)2Cl2}2(μ-1,5-NC10H6N)].15 only 
a few examples of low-valent molybdenum compounds are known. As early as 1973, 
Stephenson et al. have reported the synthesis of low-valent, dinulear molybdenum 
compounds of dithioderivatives.16 Holste et al. have synthesized the binuclear 
thiocarboxylates Mo2(SC{O}Me)4,  Mo2(SC{O}Ph)4, and Mo2(S2CPh)4 and 
characterized them by magnetic measurements and mass, FT-IR, and UV spectroscopy.17  
Another valent molybdenum thioacetate compound was isolated as its 
tetraphenylphophonium salt, [Ph4P][Mo(SC{O}Me)3].18 In 1996, Cindric et al. have 
reported the crystal structure of similar compound,  an Mo≡Mo system in which the Mo 
atoms with two axially bonded phosphine oxide molecules are coordinated by both O and 
S donor atoms (shown in Figure 1.5).19 There are very few reports on the tungsten 
analogue similar to molybdenum compounds mentioned above.18 
[W2(np)2(O2CMe)2(S2CNEt2)2] dimeric compound with  tungsten-tungsten triple bond 




















Figure 1.4. Structure of [Mo(NN-CO-C6H4-NO2){S2CN(C2H5)2}3]. 
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Figure 1.5. Structure of molybdenum thiocarboxylate [Mo2(S{O}CPh)4(OPPh3)2] 
For more than a decade, our laboratory has been interested in the development of 
the chemistry of metal thiocarboxylates. The interest derives from their fascinating 
structural chemistry21-28 and from the fact that many of them can be used as single 
molecular precursors for the low-temperature synthesis of bulk metal sulfides, thin films, 
and nanoparticles.29-37 Our laboratory has been investigating the chemistry of various 
metal thiocarboxylates of group 11,38-41 12 21,23,24,26,27,42-44 and other metals.22,28,34,35,45,46 
In the exploration of group 11 metal thiocarboxylates, neutral triphenylphosphine copper 
thiocarboxylates with novel bonding modes, namely, μ3-S2,O and μ3-S have been 
discovered. In [Cu4(SC{O}Me)4(Ph3P)4], Cu and S atoms are alternatively bonded to 
form an eight-membered Cu4S4 ring and two sulfur atoms further bridge two copper 
atoms to form a highly distorted step-ladder like structure. A highly cubane-like neutral 
cluster [Cu4(SC{O}Ph)4(Ph3P)3] was obtained under similar experimental conditions 
(shown in Figure 1.6).38  





































Figure 1.6. Highly distorted step-ladder like structure (left) and cubane like structure 
(right). 
For neutral triphenylphosphine silver thiocarboxylates, tetrameric 
[(AgPPh3)4(μ-SC{O}R)4] (R = Ph or Me) have been isolated. The step-ladder like 
tetramers forming an eight membered ring, Ag4S4 with a crystallographic inversion center 
have been obtained. In particular, when the recrystallization was repeated in CH2Cl2 and 
toluene, the interconversion between the conformational isomers was found to be 











































R = Ph R = Me  
Scheme 1.2. Solvent-dependent interconversion of deformational and conformational 
isomers of [(AgPh3P)4(μ-SC{O}R)4] (R = Ph or Me) 
In the study of group 14 and 15 metals thiocarboxylates, Pb(S{O}CPh)3 and 
Bi(S{O}CPh)3 were synthesized.22 Both salts are insoluble in most common solvents, 
indicating polymeric structures. The solubility of the Pb(II) complex has been improved 
by the addition of appropriate co-ligands while Bi(III) compound was not. The crystal 
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structure of (Ph4As)[Pb(S{O}CPh)3].(CH2C12) consists of discrete cations, anions 
occurring as centrosymmetric dimers. Although the crystal structure of 
Pb(S{O}CPh)2(S2CPCy3) shows that it is essentially molecular, these molecules are 
linked together as dimers through a weak Pb-S bond. The crystal structure of 
[Me4N][Sn(S{O}CPh)3] reveals that in the crystal lattice, each Me4N+ cation is 
surrounded by eight [Sn(S{O}CPh)3]- anions (shown in Figure 1.7).46 
 
Figure 1.7. A view looking down the c axis (threefold) showing the [Sn(S{O}CPh)3]- 
anions surrounding an Me4N+ cation. One anion on top of the Me4N+ cation has been 
omitted for clarity, as have the H atoms (copyright permission granted by Springerlink).46 
We have also extended the metal thiocarboxylates studies from monometallic 
compound to heterobimetallic metal thiocarboxylates. Only a few metallo ligands have 
been found to form complexes with alkali metals. A sodium ion bound to a clawlike 
metallo ligand is found in the [Na{Cd(SC{O}Ph)3}2]- anion.26 In this anion, the soft 
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sulfur atoms of the PhC{O}S- ligands are bonded to Cd(II) ions to provide a planar CdS3 
coordination geometry around each Cd(II) center and the oxygen atoms are attached to 
Na(I) ions to give an octahedral coordination geometry. All other [A{M(SC{O}Ph)3}2]- 
anion (A = Na, K for M = Hg; A = K for M = Cd) are isomorphous and isostructural as 
[Na{Cd(SC{O}Ph)3}2]- anion (shown in Scheme 1.3).25 In the follow up studies of 
metallo ligands, tetrahedral [M(SC{O}Ph)4]- anions (M = Ga and In) were used to bind to 
various alkali-metal ions. A new class of group 1-13 heterometallic polymers, 
[A(MeCN)x{M(SC{O}Ph)4}] (A = LiI, NaI, and KI and M = GaIII and InIII; x = 0-2) have 
been synthesized.45 In the solid-state, the thiobenzoate anions are bonded to In(III) 
mainly through the sulfur donor site in [In(SC{O}Ph)4]- units and the sulfur and oxygen 
atoms of the thiobenzoato ligands are further bonded to alkali-metal ions to form a 
one-dimensional (1D) polymer as shown in Figure 1.8. All the polymeric strands are 
packed parallel to each other in the crystal. 
 
Scheme 1.3. Views of the 'claw-like' [M(SC{O}Ph)3]- ions and its complex with 
alkali-metal ions. The arrows in the figure on the left indicate binding sites.  
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Figure 1.8. A fragment of the polymeric structure of [K(MeCN)2{In(SC{O}Ph)4}].  
Subsequently the heterobimetallic compounds [(Ph3P)CuM(SC{O}Ph)4] (M = Ga 
& In), [(Ph3P)2AgGa(SC{O}Ph)4], [(Ph3P)2AgIn(SC{O}R)4] (R = Ph & Me) were 
synthesized successfully. In [(Ph3P)CuIn(SC{O}Ph)4]34, Cu(I) is bonded to one 
triphenylphosphine ligand and three thiobenzoate anions through their sulfur donor sites 
forming a tetrahedral CuPS3 core. Three thiobenzoate anions bridge the two metal ions 
through two μ2-S,O and one μ2-S2,O bonding modes. The fourth thiobenzoate anion 
chelates the indium metal atom. The coordination environment about the In(III) atom is 
thus distorted octahedral with a InO4S2 core. [(Ph3P)2AgIn(SC{O}Ph)4] compound 
consists of (Ph3P)2Ag and In(SC{O}Ph)2 units bridged by two PhC{O}S- ligands through 
μ-S bridging.35 The Ag(I) centre has distorted tetrahedral geometry with a AgP2S2 core 
while In(III) adopts distorted octahedral coordination geometry with two terminal 
PhC{O}S- anions chelating to In(III). The AgInS2 ring is essentially planar with the two 
benzoyl groups attached to the S atoms in anti fashion (shown in Figure 1.9). 
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Figure 1.9. Structure of  [(Ph3P)CuIn(SC{O}Ph)4] & [(Ph3P)2AgIn(SC{O}Ph)4] 
(copyright permission granted by ACS & RSC).34,35 
1.2 Single-source precursors to metal sulfides 
Metal sulfides are important semiconductors materials used in the fabrication of 
microelectronic, photovoltaics and optoelectronic devices etc.47-49 Bulk metal disulfides 
have been prepared by direct reaction of the elements,50 solid-state metathesis reactions,51 
and solution phase metathetical reactions of MClx (x = 4, M = Ti, Mo; x = 5, M = Nb) 
with Li2S.52 These conventional synthetic technologies have the potential environmental, 
safety and health hazards when handling H2S and other toxic reagents.53 The metal 
sulfide preparation strategy between alkyl metal complexes and a sulfur source also 
suffers from stoichiometry control problems, impurity incorporation, and unwanted side 
reactions. Moreover, the high temperatures involved require harsh reaction condition 
which is not easy to achieve. 
The alternative sulfur sources e.g., MeSH and t-BuSH have been used.54 The 
compounds are easier to handle and less toxic than H2S. However the dual-source method 
may still cause dissociation of the product and lose the control of stoichiometry. Another 
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promising method to prepare metal sulfides is to use single molecular precursor.55-57 The 
precursor has incorporated all the elements into one molecule. Little or almost no 
pre-reaction is required because the process involves only a single molecule. The reaction 
temperature can be lowered and control of stoichiometry of the metal sulfides can be 
achieved. A highly homogeneous distribution of the elements in the final product can be 
attained. Appropriate design of the precursor molecule can help control the 
decomposition pathway and crystal phase of metal sulfides. 
1.3 Thin films 
1.3.1 Preparation methods for thin films 
Thin films are thin material layers ranging from nanometer to micrometers in 
thickness. Optical coatings and electronic semiconductor devices are the main 
applications benefiting from thin film deposition. For example, thin films of SiN are well 
suited as antireflection (AR) coatings for Si solar cells because their optical properties, 
such as refractive index and absorption coefficient, can be tailored during deposition to 
match those of Si solar cells.58 Thus the optical and electronic properties of silicon solar 
cells can be controlled properly.  
Metal sulfides thin films have been prepared by various methods such as chemical 
bath deposition (CBD),59 physical vapor deposition (PVD),60 chemical vapor deposition 
(CVD),61 molecular beam epitaxy (MBE),62 sol-gel process63 and spin coating64 etc.  
CBD technique is to control precipitation from solution of a compound on a 
suitable substrate. The film thickness and deposition rate can be controlled by varying the 
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solution pH, reagent concentration and temperature. CBD is able to deposit large-area 
thin films in a reproducible way with low cost. Typical CBD reactions for sulfides 
employ an alkaline media containing the sulfur source, the metal ion and added base. A 
major disadvantage of the CBD process lies in the inefficiency of the process, specifically 
slow conversion from starting materials to thin films.  
PVD technique is used to generate film by atoms directly transported from source 
to the substrate through gas phase. The coating method involves purely physical 
processes such as high temperature vacuum evaporation or plasma sputter bombardment 
rather than a chemical reaction at the surface to be coated as in CVD. The coating source 
is in solid or liquid form rather than gaseous state as in CVD. PVD methods include 
cathodic arc deposition,65 evaporative deposition,66 electron beam PVD,67 pulsed laser 
deposition68 and sputter deposition69 etc. MBE is one of PVD methods of depositing 
single crystals.62, 81 
CVD is used to generate film by chemical reaction on the surface of substrate. 
The advantage of this technique is to produce high-purity, high-performance solid 
materials. CVD has found its wide applications in the semiconductor industry to produce 
high quality thin films. In a typical CVD process, the substrate is heated and exposed to 
volatile precursors, which react and/or decompose on the substrate surface to produce the 
desired deposit. Frequently, volatile side products, normally organic species, are also 
produced, which are removed by vacuum pump or gas flow through the reaction chamber. 
A number of forms of CVD are in wide use and are frequently reported in the literature. 
In term of operating pressure, CVD can be classified to atmospheric pressure CVD 
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(APCVD),70 low pressure CVD (LPCVD)71 - CVD processes at subatmospheric 
pressures and ultrahigh vacuum CVD (UHVCVD)72 - CVD processes at a very low 
pressure, typically below 10-6 Pa (~ 10-8 torr). Reduced pressures tend to reduce 
unwanted gas-phase reactions and improve film uniformity across the substrate. Most 
modern CVD processes are either LPCVD or UHVCVD. CVD processes can also be 
classified by physical characteristics of vapor. Aerosol assisted CVD (AACVD)73 is a 
CVD process in which the precursors are transported to the substrate by means of a 
liquid/gas aerosol, which can be generated ultrasonically. This technique is suitable for 
precursors with low volatility. Direct liquid injection CVD (DLICVD)74 is a CVD 
process in which the precursors are in liquid form (liquid or solid dissolved in a suitable 
solvent). Liquid solutions are injected in a vaporization chamber towards injectors. Then 
the precursor’s vapors are transported to the substrate as in classical CVD process. This 
technique is suitable for liquid or solid precursors. Using DLICVD makes high growth 
rates accessible. CVD processes also include microwave plasma-assisted CVD 
(MPCVD),75 atomic layer CVD (ALCVD),76 hot wire CVD (HWCVD),77 rapid thermal 
CVD (RTCVD),78 vapor phase epitaxy (VPE)79 and metal organic chemical vapor 
deposition (MOCVD).80  
Some other thin film techniques fall outside physical or chemical categories 
because they rely on a mixture of chemical and physical means. The sol-gel process is a 
process for making glass/ceramic materials, which involves the transition of a system 
from a liquid (the colloidal “sol") into a solid (the "gel") phase.82 Spin coating is a 
procedure for applying uniform thin films to flat substrates.64  
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1.3.2 Metal sulfide thin films from single-source precursors 
Metal sulfide thin films prepared from single-source precursors are summarized in 
Table 1.1. Literature search on the preparation of metal sulfides thin films from 
single-source precursors shows that there are more reports about use of thiolates or 
thiocarbamates as precursors than thiocarboxylates. Group 12 metals sulfides thin films 
have been extensively studied.83-86 The studies on metal sulfides thin films almost cover 
every group metal in the periodic table, especially the first row of the transition metals. 
However there are almost no reports about the group 3 metal sulfides thin films prepared 
by single-source precursors. Reports on group 5 metals sulfides are also limited. Niobium 
disulfide, NbS2, has been successfully prepared via a thio “sol-gel” process using 
[Nb(SC6H3Me2-2,6)5] as the metal source, which is dual-source precursors method. In 
contrast, vapor phase thin-film studies revealed that [Nb(SC6H3Me2-2,6)5] functions as a 
single-source precursor to NbS films.87 Most of research works in this field have focused 
on the binary metal sulfides rather than ternary one. However there are intensive 
attentions paid to ternary chalcopyrite materials, like CuInS2 and CuInSe2.88,89 It was 
noticed that there are very few reports about the lanthanides sulfides thin films, especially 
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[Ti(SBut)4] Group 4 TiS290 APCVD 
[Nb(SC6H3Me2-2,6)5] 
 





[Cr(S2CN(C2H5)2)3] Group 6 Cr2S391 CVD 
Ammonium tetrathiomolybdate  MoS292 CBD 
[Mn(S2CNMen-Hex)3] Group 7 MnS80 AACVD 
Dialkyl (or mixed alkyl)dithiocarbamato Fe(III) Group 8 FeS273 AACVD 
[Co(S2CNMen-Hex)3] Group 9 Co3S480 AACVD 
[Ni(S2CNEt2)2] Group 10 Ni3S293 MOCVD 
Allyl-palladium dithiocarbamate 
[Pd(allyl)(S2CNR2)] 
 Pd2.8S94 MOCVD 
Copper(I) thiolate 
 
Group 11 Cu2S95 Aerosol-assisted 
spray pyrolysis 
Zinc dithiocarbamate Group 12 ZnS85 MOCVD 
Cadmium dithiocarbamate  CdS86 MOCVD 
[Ga(S-i-Pr)2(μ-S-i-Pr)]2 Group 13 Ga2S396 MOCVD 
Tris(N,N-ethylbutyldithiocarbamato)indium 
Tris(2-ethylpiperidinedithiocarbamato)indium 
 In2S397 MOCVD 
Tin dithiolate Group 14 SnS298 Thin-Film 
Experiments 
Lead dithiocarbamate  PbS99 AACVD LPCVD 
Antimony thiolates Sb(SR)3                            
(R = But (1), CH2CF3 (2)) 
Group 15 Sb2S3100 MOCVD 
Bi[(SPR2)2N]3 (R = Ph, iPr)  Bi2S3101 LPCVD AACVD 
1.3.3 Size and morphology control of thin film materials and their properties.  
Size and morphology control of metal sulfide nanostructure are important for fine 
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tuning the properties of metal sulfide coatings. Among the metal sulfides summaried 
above, molybdenum sulfide should be highlighted because its wide applications in 
industry. The structure, appearance and feel of molybdenum sulfide are similar to 
graphite. Due to its specific structure, MoS2 has a low coefficient of friction resulting in a 
lubricating effect. It has found an important application in aircraft engines as well as 
motorcycle engines. Moreover MoS2 grease is recommended for constant velocity (CV) 
and universal joints.102  
The figure in the right hand side of Scheme 1.4 shows a typical scanning electron 
micrograph of the MoS2 grown on nickel substrates at 500°C using Mo(S2CNEt2)4.103 A 
high density of edge-oriented 2-D sheets with widths of about 1 μm and with nanoscale 
thickness can be seen. These MoS2 sheets exhibit numerous sharp basal edges, providing 
a high density of reactive prismatic sites. When the MoS2 films are grown at different 
temperatures on nickel, the trend is for the nanosheets to curl and form an inverted 
nanocone with increasing temperature. These inverted nanocones sometimes consist of 
several straight-section MoS2 basal planes joined edge-to-edge and at times are grown 
from a single rolled-up sheet, as can be seen in the high resolution SEM images of the 
individual nanocones in Figure 1.10 a,b.103 It can also be seen that the nanocone nucleates 
on the sharp tips of the first-layer MoS2 nanosheets. According to authors’ opinion, the 
activation barrier for the edges on the two sides to curl round can be overcome if thermal 
activation is provided. The curling around of the nanosheet forms a “nanoflower” nucleus; 
the flared edges of the nanoflower continue to grow and develop into a micronsized 
“nanocone” ultimately. 
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Scheme 1.4. MoS2 grown on nickel substrates at 500°C from Mo(S2CNEt2)4 (copyright 
permission granted by ACS).103 
  
Figure 1.10. High-magnification SEM images showing a MoS2 nanocone nucleating on 
the edges of the first-layer MoS2 nanosheet (copyright permission granted by ACS).103 
O’Brien et al. 61,80,119 have studied dichacogenocarbamates as single-source 
precursors for the growth of various metal chacogenides thin films and nanoparticles. 
Manganese sulfides have magnetic properties and it is useful for fabrication of diluted 
magnetic semicondutors.104 Cobalt sulfides have excited interest owing to their properties 
as hydrosulfurization catalysts and in magnetic devieces.105 The surface view of cobalt 
sulfide reveals leave-like morphology with sharp edges (Figure 1.11 a)80 while 
manganese sulfides with rod-like structures of ca. 0.2-0.3 μm in diameter and 1-1.5 μm in 
length (Figure 1.11 b).80 Applications of group 10 metals chalcogenides include cathode 
MOCVD
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materials,106 coatings for photogalvanic cells107 and applications in solar–thermal energy 
conversion.108 Moreover, nickel and palladium sulfides as catalysts is well 
documented.109,110 The surface view of nickel sulfide shows fiber nanostructure features 
(Figure 1.11 c)61 while palladium sulfides thin films grown at 450°C were formed of 
dispersed grains (Figure 1.11 d).61 The direct band gaps in II-VI materials makes them 
suitable for application in devices, such as blue/blue-green laser diodes,111-113 which 
could lead to high-density optical storage systems.114-116 Cadmium chalcogenides are also 
useful materials in solid-state solar cells, photoconductors, field effect transistors, sensors 
and tranducers.117,118 SEM micrographs for ZnS thin film deposited at 475°C shows that 
the film surface consists of globules ranging in size 0.25 ~1.25 μm (Figure 1.11 e).119 The 
morphology of CdS film grown at 450°C consists of randomly oriented domains of 
compacted thin acicular crystallites with ca. 1.75 μm in thickness (Figure 1.11 f).119  
Besides a number of reports about the transition metal sulfides thin films, other 
metals sulfides, such as group 13 metal sulfides also attracted strong interest of 
researchers. Gallium sulfide is a surface passivation material for GaAs120,121 and alkaline 
earth thiogallates, such as cerium-doped Sr2Ga2S5, are favorable materials for phosphor 
thin films in electroluminescent displays.122,123 Indium sulfide and indium selenides 
nanostructures have been reported from the catalysed benzenethiol reactions of tBu3In 
and H2E (E = S, Se).124 SEM images for Ga2S3 thin film (Figure 1.12 a) deposited at 
500°C on silicon (100) suggested the film surface had platelike morphologies with the 
plates standing on edge with respect to the substrate surface (approximate edge 
dimensions: 300 × 2400 Å).96 The surface morphologies of In2S3 thin films grown at 
375°C consisted of randomly orientated nanorods (Figure 1.12 b).56  





Figure 1.11. SEM images of (a) cobalt sulfide deposited at 425 oC; (b)manganese 
sulfides deposited at 475 oC; (c) nickel sulfides deposited at 400 oC; (d) palladium 
sulfides deposited at 450 oC; (e) zinc sulfides deposited at 475 oC; (f) cadmium sulfides 
deposited at 450 oC (copyright permission granted by Wiley).61,80,119 
 
  
Figure 1.12. SEM images of (a) gallium sulfide deposited at 425 oC; (b) indium sulfides 
deposited at 375 oC (copyright permission granted by ACS & RSC).56,96 
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Tin sulfides thin films have potentially diverse application as holographic 
recording media,125 photovoltaic material with high conversion efficiency,126 in solar 
collectors127 and solar control coatings.128 Lead chalcogenides are narrow bandgap 
semiconductor materials with bandgaps of ca. 0.41 (PbS) and 0.27 eV (PbSe), which 
have been used in high performance photoconductive infrared detectors.129 The intrinsic 
bandgaps of PbS and PbSe decrease significantly with reduction of temperature, which is 
an unusual property in semiconductors. As shown in SEM micrographs of Figure 1.13, 
tin sulfides thin films formed at 550 oC show the needle-like morphology.130 At the 
deposition temperature of 450 oC, PbS thin film consists a dense layer of regular cubic 
crystallites (ca. 0.5–0.8 mm in length).99 
  
Figure 1.13. SEM images of (a) tin sulfide deposited at 550 oC; (b) lead sulfides 
deposited at 450 oC (copyright permission granted by RSC).99,130 
There is great interest in the synthesis of binary 15-16 materials in both thin film 
and nanocrystalline forms, as a result of their diverse materials’ properties and hence 
applications. They are potentially useful materials with applications as thermoelectric 
devices,131 television cameras,132 solar cells133 and microwave generators.134 Among them, 
Antimony sulfide with band gap of 1.78 ~ 2.5 eV135 is a weakly polar semiconducting 
ferroelectric that can have phase transitions associated with small structural changes in 
the coordination sphere of the antimony centers.136 Bismuth selenide with a band gap of 
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ca. 0.3 eV137 is suitable for applications in optical and photosensitive devices, 
solar-selective decorative coatings, photoelectrochemical (PEC) cells and the fabrication 
of an ideal Hall effect magnetometer.138-140 Bismuth sulfide has a direct band gap of 1.3 
eV141 and the potential applications in photodiode arrays,142 thermoelectric coolers143 and 
PEC cells.144 SEMs show that antimony sulfide thin films grown on different substrates 
have similar appearance, randomly orientated platelets of ca. 2-3 μm in length (in Figure 
1.14a).100 SEM studies of Bismuth sulfides thin films show the materials have formed 
rectangular platelets of up to 4 μm in length (in Figure 1.14b).101 
  
Figure 1.14. SEM images of (a) Antiomony sulfide deposited at 300 oC; (b) bismuth 
sulfides deposited at 425 oC (copyright permission granted by ACS).100,101 
1.4 Nanoparticles 
1.4.1 Classification of nanomaterials and their size-dependant properties 
Nanoscale materials are size-controlled matters on a scale smaller than 1 
micrometer, normally between 1-100 nanometers. Nanosize means size scale is larger 
than that of atoms and smaller than that of bulk solids (micrometer size). Interest on 
nanomaterials has grown rapidly since the 1980s owing to the increasing realization that 
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the properties of these nanosize materials are different from those of conventional 
solids.145 According to dimensions, nanomaterials can be classified to zero dimensional 
(0D) particles, quantum dots, hollow spheres, etc. 1D rods, tubes, fibers, wires, 
two-dimensional (2D) nanoplatelets, films, coatings, multilayer and three-dimensional 
(3D) nanoflowers.  According to phase composition, nanomaterials can be classified to  
nanoparticles/nanocrystals, nanocomposites, nanocomposite particles with a "core 
particle/polymer layer/shell particles" sandwich structure,146-148 nanostructures materials 
and nanoclusters. As clearly shown in Figure 1.15, confining the electron motion in at 
least one spatial dimension affects the energy levels and the density of states. In the 3d 




Figure 1.15. Idealized density of states for one band of a semiconductor structure of 3, 2, 
1 and “0” dimensions, Y-axis indicate the corresponding density of states (copyright 
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Nanoparticles or nanocrystals (NCs) made of metals, semiconductors, or oxides 
are of interest for their electrical, optical and chemical properties. A nanoparticle with a 
crystalline structure is defined as nanocrystal. Semiconductor NCs in the sub 10 nm size 
range are often defined as quantum dots. Like in atoms, the energy levels of small 
quantum dots can be probed by optical spectroscopy techniques. In quantum dots that 
confine electrons and holes, the interband absorption edge is blue shifted due to the 
confinement compared to the bulk material of the host semiconductor material. As a 
consequence, quantum dots of the same material, but with different sizes, can emit light 
of different colors. The larger the dot, the redder (the more towards the red end of the 
spectrum) the fluorescence. The smaller the dot, the bluer (the more towards the blue end) 
it is. The coloration is directly related to the energy levels of the quantum dot. 
Quantitatively speaking, the bandgap energy that determines the energy (and hence color) 
of the fluoresced light is inversely proportional to the square of the diameter size of the 
quantum dot.  
 
Figure 1.16. The ten fluorescent-emission colors of zinc sulfide-capped cadmium 
selenide quantum dots excited with a near-ultraviolet lamp (copyright permission granted 
by Nature).150  
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As shown in Figure 1.16, Nie et al. synthesizes the fluorescent, semiconducting 
quantum dots in different colors by varying their size. Embedding dots of different sizes 
and quantities gives the micron-sized, polystyrene beads a unique optical signature. This 
spectral coding technology is expected to open new opportunities in gene expression 
studies, high- throughput screening and medical diagnostics.150 
Nanoparticles are an effective bridge between bulk materials and atomic or 
molecular structures. Size-dependent properties of nanoparticles are observed such as 
quantum confinement in semiconductor particles, surface plasmon resonance in some 
metal particles and superparamagnetism in magnetic materials. In particular for metal 
nanoparticles case, opaque substances become transparent (copper) and Cu nanomaterials 
show the linear optical properties;151 inert materials become catalysts (platinum) and Pt 
nanoparticles show good catalytical efficiency in electron-transfer reaction;152 stable 
materials turn combustible (aluminum) and Al nanoparticles as potential materials for 
combustion and rocket propulsion;153 solids turn into liquids at room temperature (gold); 
insulators become conductors (silicon). The fascinate nanotechnology stems from these 
unique quantum and surface phenomena of the nanoscale materials. 
Nanocomposites are created by introducing nanoparticles (filler) into a 
macroscopic sample material (matrix), such as polymers. This part has drawn 
considerable attention in the development of nanotechnology. After adding a small 
percentage of nanoparticles to the matrix material, the resulting nanocomposites may 
exhibit drastically enhanced properties. For example, adding carbon nanotubes drastically 
adds to the electrical and thermal conductivity.154,155 Multi-walled carbon nanotubes 
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(MWNTs)/Co3O4 nanocomposites show high capacitor property and their best specific 
capacitance is up to 200.98 F g-1.156   Other kinds of nanoparticles may enhance optical 
properties,157 dielectric properties158 or mechanical properties such as stiffness and 
strength.159 Much research focus on developing more efficient combinations of filler and 
matrix materials by controlling the production parameters.  
Nanostructure is assembled from a layer or cluster of atoms with nanosize scale. 
Artificial assembly of materials from nanometer-sized building blocks benefited from 
discoveries of controlling the sizes in the range of 1–100 nm and the self-assembly of 
such components. Artificial assembly makes it possible to alter and define the properties 
of the assembled nanostructures. Nanostructured materials can be tuned from single-layer 
to multi-layer or cluster, even more complicated nanophase matters. For instance, 
synthesized La-containing Bi2Te3 based alloys have flower-like nanostructure composed 
of the side-by-side arranged nano-sheets.160 Thermoelectric properties of this compound 
were reported to be enhanced compared to other bulk materials. With the ability to 
convert directly heat energy to electricity, they have potential applications in solid-state 
cooling devices and electrical power generators. They may possess many attractive 
features such as long life, no emission of toxic gases, no moving parts, low maintenance 
and high reliability.161,162 
Nanocluster is a cluster of atoms or molecules whose characteristic dimensions 
are several nanometers. Sometimes it is equal to nanocrystal or standing for structures 
smaller than NCs. Arrays of such 1 to 2 nm clusters would be useful for electronic 
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devices or data storage. Priolo et al. have reported a light-emitting device based on 
amorphous silicon nanoclusters.163 
1.4.2 Preparation methods for nanoparticles 
Among the methodologies for nanomaterials preparation, there are two main 
approaches, top-down and bottom-up, which are used to produce nanocomponents 
(shown in Scheme 1.5). ‘Top-down’ involves reducing the size of the component to be 
produced as far as possible. ‘Bottom-up’ consists of assembling matter atom by atom to 
build molecules that are subsequently in nano scale. The top-down approach often uses 
the traditional workshop or microfabrication methods where externally-controlled tools 
are used to cut, mill and shape materials into the desired shape and order. Bottom-up 
approaches, in contrast, use the chemical properties of single molecules to cause 
single-molecule components to automatically arrange themselves into some useful 
conformation. Bottom-up approaches should, broadly speaking, be able to produce 
devices in parallel and much cheaper than top-down methods, but could potentially be 
overwhelmed as the size and complexity of the desired assembly increases. 
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Scheme 1.5. “top-down” and “bottom-up” strategies for nanomaterials synthesis. 
A number of methods exist for the synthesis of nanostructured materials, e.g. 
CVD or PVD,60,61 sol-gel process,63 gas condensation,164 electrochemical deposition into 
porous templates,165 mechanochemical process,166 aerosol reactions,167 biological 
templating.168 It should be highlighted here that some wet chemistry routes, such as 
hydrothermal solvothermal method, chemical precipitation and surfactant-supported 
colloidal solution method, have become a simple and useful nanomaterials synthetic tool. 
Although other methodologies can often yield very useful results, it is preferable to 
synthesize nanostructured materials from single-source precursors in order to gain over a 
variety of microscopic aspects of nanomaterials. 
Hydrothermal or solvothermal method is useful to synthesize nanomaterials. 
Water or other solvent are placed in a sealed container, it can be heated over its boiling 
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point and become supercritical fluid. In hydrothermal, supercritical water has been 
gaining in importance as a medium for chemical reactions recently. In solvothermal 
synthesis, supercritical fluids of special solvents can also be used to prepare nanoparticles 
with adjustable particle size distributions. Solvothermal synthesis utilizes a solvent under 
pressure and temperatures above its critical point to increase the solubility of solid and 
speed up reaction between solids. Hydrothermal and solvothermal methods have 
advantages such as no post reaction process, achievable complex chemical composition; 
controllable particle size and shape; relatively cheap starting materials. This simple 
process enables to synthesize tungsten oxide with various nanomorphologies, i.e. 
nanorods, nanowires, nanoplatelets and nanosheets.169 The tungsten hexachloride (WCl6) 
was used as a raw material and the tungsten oxide nanoparticles were obtained by 
solvothermal treatment with solvents, i.e. ethanol (EtOH), mixed solvent (EtOH + water), 
and water, at 200 oC for 10 h (shown in Figure 1.17).  
 
Figure 1.17. Morphologies change of tungsten oxides with solvent (copyright permission 
granted by Blackwell).169 
Chemical precipitation methods have been applied for synthesis of metal 
nanoparticles. The reduction of metal oxide or salts,170,171 decomposition of metal 
carbonyls171 and reduction in solution have been used to prepare metal nanoparticles. The 
strong reducing agents, such as potassium borohydrides, sodium hypophosphite and 
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hydrazine, have been applied to reduce the metal salts to corresponding metal or alloy 
nanoparticles.172-175 For example, the reduction of Ni2+ by hydrazine in solution for the 
preparation of nickel nano-particles has been reported. To occur in two stages, the first 
stage is the reduction of Ni2+ by N2H4 according to the following equation:  
2Ni2+ + N2H4 + 4OH− = 2Ni↓ + N2↑+ 4H2O                              ······(1.1) 
The second stage consists of two side reactions, the decomposition of hydrazine 
and the disproportionation of hydrazine catalyzed by the formed nickel nano-particles. 
The reaction for the formation of nickel is also catalyzed by nickel as an autocatalytic 
reaction. This synthetic route provided a feasible optimized technique to prepare the 
nickel catalysts with high surface areas. 
Preparation of surfactant-supported colloids includes injection and one-pot 
synthetic methods. In the injection method, the surfactant acts as a reaction medium 
which can be heated to a sufficiently high temperature and the precursors are dissolved in 
the high boiling point solvent, which sometimes may act as surfactants also. The 
dissolved precursor solution is injected to the preheated hot surfactant solution and 
formed a supersaturation of monomers immediately, which provide the condition for the 
burst of NCs nuclei. The monomers will be consumed by these nuclei during their growth 
process. The concentration of the monomers will be below the critical nucleation 
concentration and the no more nucleation will happen in this situation. The formed 
particles then grow till all the monomers have been consumed unless the reaction is 
stopped purposely. Thus the size and morphology of nanoparticles can be controlled 
during the growth stage. 
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In one-pot synthesis, the precursor(s) and surfactant(s) are mixed together at room 
temperature and heated up to the required temperature. If the separation between 
nucleation and growth can be automatically achieved under specific experimental 
conditions, the monodispersed nanoparticles can also be achieved. The advantage of this 
method is simple synthetic steps and low reaction temperature. 
1.4.3 Single-source and multiple-source precursors to metal sulfide nanoparticles 
There has been particular interest in the synthesis and characterization of 
nanoparticles of EuO and EuS in the search for new luminescent and magnetic materials. 
Stoll et al. have synthesized ca. 20 nm EuS nanoparticles by decomposing 
[Eu(S2CNiBu2)3phen] in trioctylphosphine. It has shown strong magnetic properties.176 
the thermolysis of single-source precursor [Mn(S2CNEt2)2] in hexadecylamine (HDA) 
has lead to the shape controlled magnetic semiconductor MnS NCs. MnS NCs with 
various shapes, including cubes, spheres, 1D monowires, and branched wires (bipods, 
tripods, and tetrapods), have been successfully synthesized (shown in Figure 1.18) and 
exhibited enhanced optical and magnetic properties.177 
 
Figure 1.18. TEM images of MnS nanowires grown at (a) 120°C, (b) a bipod, (c) a tripod, 
(d) a tetrapod (copyright permission granted by ACS).177 
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Rhombohedral phase NiS nanorods and triangular nanoprisms were synthesized 
by Korgel’s group using a solventless thermolytic decomposition of nickel thiolate 
precursors in octanoate. In fact, nickel thiolate precursor was prepared in situ for the 
following NiS nanoparticles synthesis, which is different from the isolated single-source 
precursors. This typical procedure yields nanorods of 33.9 ± 8.6 nm long and 8.11 ± 1.6 
nm wide. The approach also yields triangular nanoprisms under different reaction 
conditions with nearly a 1 : 1 ratio of nanorods to nanoprisms (shown in Figure 1.19).178 
This solventless approach has also been used to synthesize Cu2S nanorods, nanodisks, 
and nanoplatelets by the thermolysis of copper alkylthiolate precursors.179 
  
Figure 1.19. TEM images of NiS NCs synthesized with octadecanethiol at 
Ni/thiol/octanoate concentrations of 58/80/86 mM at 190 oC for 1.5 h. The region on the 
TEM grid shown in (a) is enriched in prisms and the region on the TEM grid shown in (b) 
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Metal sulfides Methods  
[Eu(S2CNiBu2)3phen] Group 3 EuS176 Solution method 
[Mn(S2CNEt2)2] Group 7 MnS177 Injection method 
Nickel thiolate Group 10 NiS178 Solventless 
thermolytic 
decomposition 
[Pd(SC12H25)2]6  PdS180 Solution-Phase 
Thermolysis 
Copper alkylthiolate Group 11 Cu2S179 Solventless 
thermolysis 
[Ag(SC{O}Ph)]  Ag2S181 Injection method 
[Zn(S2CNEt2)2],[Cd(S2CNEt2)2] Group 12 ZnS, CdS55 Vapor-liquid-solid 
growth process 





Indium diethyldithiocarbamate Group 13 In2S3183 Hydrothermal 
Organotinsulfides Sn4S4R6       
(R = methyl, n-butyl and phenyl) 
Group 14 γ -Sn2S3184 Pyrolysis 
Pb(SBn)2   PbS185 Pyrolysis 
Sb[S2P(OC8H17)2]3 Group 15 Sb2S3186 Solvothermal 
[Bi(S2CNEt2)3]  Bi2S3187 AAMs templates 
route 
The high-purity TiS2 nanotubes was synthesized by multiple-source method, 
which involved heating TiCl4, H2 and H2S inside a furnace at a relatively low temperature 
of 450°C. The TEM image of the layered TiS2 nanotubes is shown in Figure 1.20 a.188 
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Alivisatos et al. have reported the formation of CoS hollow NCs through the nanoscale 
Kirkendall effect.189 They chose cobalt NCs as the main starting material. And then 
sulfidation of cobalt to form hollow CoS NCs (shown in Figure 1.20 b). It is known that 
oxidation and sulfidation of bulk cobalt under vapor at high temperature are mainly 
controlled by outward diffusion of cobalt cations.190 This mode of growth operating on 
NCs is expected to lead to hollow structures. The conversion of preformed vanadium 
oxide nanotubes, VOx, into their respective sulfide counterparts with preservation of the 
tube-like structures has been applied to synthesize VS2 nanotubes for the first time by 
Tremel et al. 191 2D nanowalls of GaS and GaSe are obtained by thermal exfoliation 
around 900 oC, and transformed to Ga2O3 and GaN nanowalls upon reaction with air and 
ammonia respectively at 800 oC, while maintaining dimensional integrity.192 
  
Figure 1.20. TEM images of (a) as-synthesized TiS2 nanotubes and (b) cobalt sulfide 
synthesized by the injection of sulfur in o-dichlorobenzene (5 mL) into cobalt nanocrystal 
solution with a Co/S molar ratio of 9 : 12 (copyright permission granted by RSC & 
Science).188,189  
1.5 Aim and scope of the this thesis 
As summarized in the introduction, the coordination chemistry of lanthanides 
monothiocarboxylates remains untouched. One of the aims of the thesis is to synthesize 
lanthanide monothiocarboxylates compounds and explore the coordination chemistry and 
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thermal properties of this series of complexes. Further, the project will be extended to 
synthesis and structural studies of heterobimetallic thiocarboxylates. Their possible usage 
as single molecular precursors to ternary metal sulfide materials will also be explored. 
  As introduced in the previous sections of this chapter, nanomaterials exhibit 
many interesting properties; however many unique properties for metal sulfides need to 
be discovered and studied in forthcoming years. Undoubtedly the synthesis of 
nanomaterials is an essential first step to develop nanotechnology. Although there are 
some reports about the synthesis of nanomaterials, size and morphology control of 
nanomaterials is still a challenging task. In order to meaningfully contribute to the field, 
we plan to explore the facile methodology by using single-source precursors for synthesis 
of metal sulfides nanomaterials. The synthesis methods will involve mainly two routes: 
MOCVD and surfactant-supported colloidal solution method. They will be applied to 
prepare metal sulfides thin film and NCs, especially from single-source precursors route.  
In summary, the objective of this thesis is to synthesize and characterize the metal 
thiocarboxylates. The coordination chemistry of these complexes will be investigated. 
These compounds will be used as single-source precursors to prepare corresponding 
metal sulfides in bulk, thin film and NCs by pyrolysis, MOCVD and surfactant-supported 
colloidal solution methods. The physical properties of synthesized metal sulfides will be 
further investigated. Direct thermal decomposition of the precursors to the metal sulfide 
is one of the simplest methods. In the following chapters, we will start from this 
convenient method for preparation of metal sulfides and then MOCVD as well as 
surfactant-supported colloidal solution method. 
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Chapter 2. Synthesis, Structures and Thermal Properties of 
Lanthanides Thiocarboxylates & [M{In(SC{O}Ph)4}2] (M = Mg 
and Ca) as Single-Source Precursors to Ternary Metal Sulfides 
2.1 Introduction 
Our sustained interest on chemistry of metal thiocarboxylates prompted us to 
explore the thiocarboxylates of lanthanides. Lanthanides chalcogenolate complexes have 
attracted considerable attention with a variety of applications1-8 as luminescent biolabels, 
highly emissive materials, catalyst and model compound in organic or inorganic 
chemistry studies. The coordination chemistry of group 3, lanthanide and actinide metals 
is a very active area of research, due to the fact that the use of increasingly sophisticated 
ligands has resulted in many interesting structures, e.g. caged, polymetallic or 
supramolecular nature. Although the lanthanides have been regarded as hard metal 
centers and their coordination chemistry has also been dominated by hard atom donors 
such as amines, amides and ethers, 9 more and more researchers have become interested 
in the preparation of complexes containing soft donor atoms, especially those of group 
16.10 This direction is driven by the potential application of such complexes as precursors 
to generate lanthanides chalcogenides, which are technologically important as optical 
materials and pigment and often difficult to be synthesized by traditional methods. It will 
also improve the understanding of such hard-soft interactions. 
N,N’-diethyldithiocarbamates were the first ligands to be used as sulfur donors. 
Anhydrous LnBr3 (Ln = La→Nd, Sm→Lu) was reacted with [Na(Et2NCS2)] in 
Chapter 2                                             Metal Thiocarboxylates 
 51
anhydrous EtOH and  neutral [Ln(Et2NCS2)3] was obtained when crystallized in 
acetonitrile. X-ray diffraction studies have shown that two isomorphous series were 
present: (La→Nd) and (Sm→Lu).11,12 Other neutral lanthanides complexes, 
[Ln(2,2’-bipy)(Et2NCS2)3] (Ln = Y, La→Nd, Sm→Lu, 2,2’-bipy = 2,2’-bipyridine), were 
also synthesized.13 
Many new metal complexes with porous structure have been widely recognized as 
useful materials for applications in areas such as gas storage, molecular sieves, catalysis, 
inclusion complexes and surface science.14-16 Copper(II) terephthalate was reported to be  
the first metal complex which is capable of adsorbing gases such as N2, Ar, O2, and Xe.17 
This complex has opened up a new field of adsorbent chemistry leading to the 
exploration of microporous metal complexes. Scientists are exploring new routes to 
synthesize various complexes as potential gas storage materials.18,19 We have successfully 
synthesized several lanthanide complexes, which can retain diethyl ether (Et2O) above its 
boiling point and would be suitable as potential gas storage materials. The related details 
will be presented in the Section 1 of this chapter. 
Lanthanide thiocarboxylates are suitable single-source precursors to produce the 
corresponding lanthanides oxysulfides. The thermal decomposition of lanthanides 
thiocarboxylates compound generates hexagonal phase lanthanides oxysulfides. Metal 
oxysulfide can be defined as a sulfide compound in which the sulfur has been partially 
replaced by oxygen partially. Recently, much attention has been paid to the synthesis of 
metal oxysulfides because they have a very wide range of bang gap and exhibit different 
properties compared to pure oxide or sulfides.20-22 For example, yttrium oxysulfide, with 
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a bandgap of 4.6–4.8 eV can be considered as a large bandgap semiconductor.23 It is an 
important phosphor system extensively applied in color-television picture tubes with Eu3+ 
as dopant. In the field of overall water splitting to hydrogen and oxygen over a 
heterogeneous photocatalyst using solar energy, the band gap energy is sufficiently small 
to respond to visible light (<3 eV) due to the shift of HOMO of the materials when S 
atoms are partially or fully substituted for O atoms in a metal oxide.24 Of the oxysulfides, 
the quaternary metal oxysulfides have been studied extensively.25 The 2D layered nature 
of quaternary metal oxysulfides is a result of “hard” cations preferring smaller oxide 
anions and more polarizable “soft” cations preferring larger sulfide anions. This allows 
for the simple design by cation substitution of new compounds with interesting optical 
and transport properties.25 
Besides the monometal thiocarboxylates mentioned in Chapter 1, we have been 
also interested in bimetallic thiocarboxylates. Heterobimetallic compounds of the 
alkaline-earth metals show a wide structural variety with strongly differing reactivity 
patterns. The syntheses and characterization of heterobimetallic compounds have been 
widely studied due to their interesting physicochemical or biological properties and 
versatile structural types.26,27 Monothiocarboxylates (RC{O}S-) represent an interesting 
class of ligands with both hard and soft donors.28-31 These donor sites enable the 
incorporation of hard and soft metal centers into a coordination compound, as illustrated 
by the clawlike [M(SC{O}Ph)3]- metalloligand complexes (Me4N)[A{M(SC{O}Ph)3}2] 
(A = NaI and KI and M = CdII and HgII).32,33 Subsequently, the tetrahedral 
[In(SC{O}Ph)4]- anions as metalloligands have been used to bind to various alkali-metal 
ions to form [A(MeCN)x{M(SC{O}Ph)4}] (A = LiI, NaI, and KI and M = GaIII and InIII; x 
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= 0-2), which are 1D coordination polymers.34  
The thermal decomposition of bimetallic thiocarboxylates [M{In(SC{O}Ph)4}2] 
(M = Mg and Ca)  can generate cubic phase MIn2S4. The family of materials of 
composition II–III2–VI4, where III = Ga, In and VI = S, Se, form compounds with spinel 
structure, giving rising to high specific resistivity (105-1011 Ohm.cm), wide forbidden gap 
(2.0-3.0 eV), effective photosensitivity and luminescence.35 These properties make them 
useful as photo-sensitive devices and photovoltaic cells.36 In this viewpoint, PEC 
behaviors of many n-type semiconductors have been extensively investigated. 
Multicomponent semiconductor exhibit a wide range of novel electric and PEC 
properties.37-40 The best known members of II–III2–VI4 family, CdIn2S4 and ZnIn2S4 have 
been extensively studied for their optical and optoelectronic properties.41-44 The 
investigation on MIn2S4 (M = Mg and Ca) are relatively untouched in this ternary 
compound family.45,46 In a continuation of our investigations on the chemistry of 
bimetalic thiocarboxylate compounds, we studied MgII and CaII complexes containing 
[In(SC{O}Ph)4]- anions. The details will be discussed in section 2 of this chapter. 
This chapter is divided into two sections. In the first section synthesis, structures 
and thermal properties of lanthanides thiocarboxylates are described. The next section 
deals with synthesis, structures and thermal properties of [M{In(SC{O}Ph)4}2] (M = Mg 
and Ca). 
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2.2 Synthesis, structures and thermal properties of lanthanides thiocarboxylates 
 
Scheme 2.1. Lanthanide thiocarboxylates retain Et2O above its boiling point 
2.2.1 Background of lanthanides thiocarboxylates 
There has been a sustained interest in solids that hold onto their gaseous and very 
volatile guests due to their potential applications as hydrogen, methane, and other gas 
storage materials. 47-55 Atwood, Barbour and co-workers have elegantly demonstrated that 
van der Waals interactions in nonporous organic crystals can be used to confine methane, 
Freon and other highly volatile molecules well above their boiling points.56-58 
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The presence of low boiling liquids in the crystal lattice often poses problems in 
X-ray crystallography, especially if the guest molecules do not snugly fit into the cavity 
or channels and if there is very weak or no interaction between the guests and the host 
molecules. Data collection of crystals containing such low boiling solvents is often 
problematic as the crystals lose their single crystal nature due to solvent loss. Diethyl 
ether (Et2O) with a relatively low boiling point (34.6 oC) is no exception as it is 
frequently used as a precipitant liquid to grow single crystals. Hence, it is not surprising 
that the Cambridge Structural Database (version 5.28, November 2006) search reveals 
that about 51% of the crystals containing ether solvate have been found to be 
disordered.59 To our surprise, we found Et2O solvate in the crystals of three lanthanide 
compounds to be stable well above its boiling point, and the details of our findings 
(shown in Scheme 2.1) are discussed below.  
Several lanthanides thiocarboxylate complexes have been synthesized following 
the synthetic procedure as indicated in Scheme 2.2. The reaction of NaSC{O}Ph, 
2,2’-bipy and LaCl3⋅7H2O afforded yellow crystals of 
[La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 1, as minor product (10%) and  
[La(2,2’-bipy)2(SC{O}Ph)3], 4, as major product (56%).  The corresponding 
Praseodymium (III) complexes, [Pr(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 2 and 
[Pr(2,2’-bipy)2(SC{O}Ph)3]. 5, respectively and samarium (III) complexe, 
[Sm(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 3 have also been synthesized by a similar 
method. However the expected samarium complex as major product, 
[Sm(2,2’-bipy)2(SC{O}Ph)3], was not isolated successfully because the product isolated 
by following similar work-up for 4 and 5 was proved to be mixture based on element 
Chapter 2                                             Metal Thiocarboxylates 
 56
analysis. For the last element in lanthanides family, Ytterbium (III), the similar reaction 
offered [Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)], 6a, as minor product and 
[Yb(2,2’-bipy)(SC{O}Ph)3], 6b, as major product. 
 
Scheme 2.2. Synthesis of lanthanide thiocarboxylates 
2.2.2 Structural description and thermogavimetry studies of lanthanides 
thiocarboxylates 
The crystal structure of compounds 1-4 and 6a have been determined by X-ray 
crystallography and the solid state structures of individual compounds are discussed in 
the forthcoming sections. The crystallographic data and refinement parameter for 1- 4 
and 6a was shown in Table 2.1. The selected bond distance and angle ranges for 1-4 and 
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Table 2.1. Crystallographic Data and Refinement Parameter for 1-4 and 6a. 
 1 2 3 4 6a 
Chemical formula C35H35LaN2O5S3 C35H35PrN2O5S3 C35H35SmN2O5S3 C41H31LaN4O3S3 C32H25YbN2O3S3Cl2 
Molecular wt. 798.78 800.78 810.23 862.83 825.71 
cryst syst triclinic triclinic triclinic monoclinic monoclinic 
T, oC -50 -50 -50 -50 -50 
λ, Å 0.71073 0.71073 0.71073 0.71073 0.71073 
Space group Pī Pī Pī P21/n P21/n 
a, Å 9.5072(4) 9.4915(5) 9.4930(3) 13.7702(7) 12.0833(7) 
b, Å 11.9045(5) 11.8969(7) 11.8893(4) 16.8577(9) 17.6843(10) 
c, Å 16.2533(7) 16.1971(9) 16.1391(6) 16.6942(8) 15.3655(9) 
α, deg 91.681(1) 91.860(1) 91.913(1) 90 90 
β, deg 102.466(1) 102.643(1) 102.860(1) 102.736(1) 93.423(2) 
γ, deg 98.172(1) 98.253(1) 98.426(1) 90 90 
V, Å 3 1774.5(1 1762.3(2) 1752.6(1) 3779.9(3) 3277.5(3) 
Z 2 2 2 6 4 
Dcalcd, g cm-3 1.495 1.509 1.535 1.516 1.673 
μ, mm-1 1.423 1.603 1.897 1.340 3.243 
final R indicesa 
[I > 2 (I)] 
R1 = 0.0272 
wR2 = 0.0673 
R1 = 0.0397 
wR2 = 0.0904 
R1 = 0.0257 
wR2 = 0.0630 
R1 = 0.0332 
wR2 = 0.0777 
R1 = 0.0368 
wR2 = 0.0828 
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Table 2.2. Selected bond distance (Å) and angle (deg) ranges in 1-4 and 6a. 
 
 
 1 (M = La) 2 (M = Pr) 3 (M = Sm) 4 (M = La) 6a (M = Yb) 
Bond distance range 
M-N 2.661(2)-2.688(2) 2.625(3)-2.646(4) 2.574(2)-2.591(2) 2.683(3)-2.751(3) 2.443(4)-2.459(4) 
M-O 2.529(2)-2.555(2) 2.487(3)-2.517(3) 2.448(2)-2.479(1) 2.527(2)-2.603(2) 2.312(3)-2.323(3) 
M-S 2.994(5)-3.029(5) 2.953(1)-2.989(1) 2.916(6)-2.949(6) 3.042(1)-3.161(1) 2.772(1)-2.776(2) 
S-C 1.704(2)-1.711(2) 1.700(5)-1.710(5) 1.704(2)-1.709(2) 1.699(4)-1.708(4) 1.695(5)-1.708(5) 
O-C 1.253(2)-1.432(3) 1.253(5)-1.432(7) 1.250(2)-1.436(3) 1.251(4)-1.252(4) 1.256(6)-1.265(6) 
N-C 1.336(3)-1.346(3) 1.320(6)-1.347(6) 1.339(3)-1.347(3) 1.336(5)－1.355(4) 1.335(6)-1.349(6) 
Bond angle range 
O-M-O 67.7(5)-132.1(5) 67.6(1)-132.2(1) 67.5(5)-132.4(5) 69.9(8)－177.0(7) 77.1(1)-127.7(1) 
S-M-S 85.4 (2)-144.9(2) 85.4(4)-144.5(4) 85.5(2)-144.2(2) 73.1(3)-145.7(3) 90.4(4)-162.4(4) 
O-M-S 55.3(3)-155.1(3) 55.3(8)-154.3(8) 55.9(4)-152.9(4) 52.31(6)-130.48(6) 59.9(9)-137.2(9) 
O-M-N 68.2(5)-143.6(5) 68.1(1)-144.0(1) 67.8(5)-144.2(6) 66.01(8)-141.08(8) 76.8(1)-144.3(1) 
N-M-S 73.6(4)-152.2(4) 73.6(8)-151.2(9) 73.8(4)-150.7(4) 72.1(6)-141.7(6) 80.8(1)-155.3(1) 
C-S-M 77.1(7)-77.8(6) 77.1(2)-77.9(2) 76.9(7)-77.1 (7) 76.0(12)-78.3(12) 75.9(2)-76.4(2) 
C-O-M 104.4(1)-168.9(1) 104.6(3)-106.3(3) 104.0(1)-106.4(1) 105.6(2)-110.0(2) 103.1(3)-104.0(3) 
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2.2.2.1 Structure of [Ln(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (Ln = La, Pr & Sm) 
The solid-state structure of [La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 1 reveals nine 
coordination geometry at the metal center with N2O4S3 donor set as shown in Figure 2.1. 
The crystal structures of [Pr(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 2 and 
[Sm(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 3 are isomorphous and isostructural to 1. The 
hydrogen-bond parameters in 1-3 were shown in Table 2.3. 
Table 2.3. The hydrogen bond parameters in 1-3. 
a Symmetry operators: 1-x, 1-y, 1-z. 
 
Figure 2.1. The triclinic unit cell contents of 1. All the C-H hydrogen atoms have been 
omitted for clarity.  
Cpd O4-H···O5 d(O4-H) d(H···O5) ∠O4HO5 d(O4···O5) 
1 O4-H4A···O5a 0.74(2) 2.05(2) 169(2) 2.786(2) 
 O4-H4B···O5a 0.75(2) 2.14(3) 171(3) 2.875(2) 
2 O4-H4A···O5a 0.90(3) 1.90(2) 168(4) 2.781(5) 
 O4-H4B···O5a 0.90(4) 2.02(4) 169(3) 2.905(5) 
3 O4-H4A···O5a 0.75(2) 2.05(2) 168(3) 2.785(2) 
 O4-H4B···O5a 0.75(3) 2.20(3) 167(3) 2.935(3) 
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The structures of minor product [M(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (M = La 
(1), Pr (2), and Sm (3)) have an eight-membered hydrogen-bonded ring formed between 
two Et2O and two aqua ligands, and they retain Et2O above its boiling point despite the 
presence of channels in the lattice for Et2O to escape.  
In the crystal structure, two La(III) complexes in 1 are strongly hydrogen bonded 
to two Et2O solvates through aqua ligands forming an eight-membered ring (graph set 
notation, 24R  (8))
60,61 as shown in Figure 2.1. The O-H···O bonds are medium strong.62-64 
Surprisingly, these hydrogen bonds are strong enough for the single crystals to sustain the 
Et2O solvate in a vacuum (10-1-10-2 Torr) for several hours. In fact, the diffraction data 
for 2 were collected after the single crystals were subjected to a vacuum (0.1 Torr) for 12 
h. The packing diagram of 1 without the Et2O solvate and hydrogen atoms in Figure 2.2 
clearly indicates the presence of channels parallel to the a-axis created by the stacking of 
metal complexes to host the Et2O. Et2O could have escaped through these channels very 
easily at room temperature.  
 
Figure 2.2. Packing diagram of 1. The Et2O solvate and hydrogen atoms have been 
omitted to show the channels formed along the a-axis. 
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2.2.2.2 Thermogavimetry studies of [Ln(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (Ln = La, 
Pr & Sm) 
The La(III) complex 1 does not lose Et2O until 82 oC, as shown by the onset of 
weight loss in thermogravimetry (TG) sudies which show the loss of one Et2O (observed, 
9.0%; calculated, 9.3%) molecule in the temperature range 82-111 oC followed by the 
loss of a coordinated water in the temperature region 113-130 oC (Figure 2.3). A similar 
pattern for 2 is also observed from TG, but 2 is thermally stable only up to 69 oC. But the 
weight loss regions of Et2O and H2O are clearly resolved better than 1. The TG of the 
samarium compound, 3, has been found to lose Et2O and H2O in a single step in the 
temperature range 51-110 oC (shown in Figure 2.4); weight loss observed, 11.0% and 
calculated, 11.4%. 
 
Figure 2.3. (a) The TG curves with a heating rate of 1 oC min-1 for 1; (b) TG curves for 2. 
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Figure 2.4. TG-derivative thermogravimetric (DTG) of 3. The weight loss observed in 
the first step corresponds to the loss of an Et2O and a water molecule (calcd. 11.4%). 
The gas from TG experiments was monitored by FT-IR spectral studies 
simultaneously for 1 and 2. Figure 2.5 shows the FT-IR spectral data for 1 which 
complements the TG data. The evolution of Et2O was observed above 82 oC, as indicated 
by the increase in the intensity of the four main bands, 2980 (υs C-H), 2871 (υas C-H), 1378 
(δC-H), 1130 (δC-O) cm-1. The maximum intensity was observed at 100 oC, which is in 
agreement with the DTG maxima observed for the loss of Et2O. Although this is followed 
by the loss of coordinated water in the temperature region 113-130 oC, the FT-IR did not 
show the bands due to water; perhaps the water is not truly vaporized in the sense that it 
may have adhered to the apparatus after liberated from the sample.  Figure 2.6 shows 
the FT-IR spectral data for 2 which also agrees well with its TG data. The evolution of 
Et2O from 2 was observed above 68 oC. The maximum intensity was observed at 85 oC. 
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Figure 2.5. Selected FT-IR spectra from TG-IR measurements for 1. 
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Figure 2.6. Selected FT-IR spectra from TG-IR measurements for 2. 
The difference between the onset temperature, Ton, and the boiling point, Tb, has 
been employed as a useful parameter to compare the thermal stability of guest molecules 
in the solids.65-67 The Ton - Tb values observed in 1, 2, and 3 are 48.4, 34.4, and 16.4 oC, 
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respectively. The differences between Ton - Tb values for 1-3 indicate that it is possible to 
control the release of Et2O in the solid state. Further, the increase in the ionic radii 
appears to increase the Ton - Tb value, and a plot of the ionic radius versus the weight loss 
inception temperature for Et2O shows a linear relationship as shown in Figure 2.7. A 
scandium complex has been reported to have similar centrosymmetric hydrogen-bonded 
(OH2···OEt2)2.68 Compound [trans-VOCl2(H2O)2]·Et2O forms 1D chains with the 
molecules of adjacent monomers held together by hydrogen-bonded (OH2···OEt2)2.69  
However, the Et2O retention property has not been explored for these two compounds. 
The stabilization of volatile Et2O in a solid well above its boiling point by hydrogen 
bonding is not without precedent. An organic compound with OH functionality has been 
found to retain Et2O up to 64.2 oC, which is 29.6 oC above its normal boiling point.70 In 
our present study, the host-guest interactions are facilitated by metal-bound aqua ligands 
in a concerted fashion.  
 
Figure 2.7. A plot of Et2O weight loss inception temperature versus the ionic radii of the 
metals in 1-3. 
The onset temperature for the release of Et2O determined by differential scnning 
calorimetry (DSC) was also found to be consistent with the TG results. The enthalpy 
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changes for the Et2O loss have been found to be 98.2 kJ·mol-1 for 1 (shown in Figure 2.8). 
After the removal of Et2O, the desolvated 1 was exposed to the vapors of Et2O again for 2 
h and air-dried for 30 min at room temperature; the solid takes back the solvent as 
confirmed by TG weight loss and the XRPD spectrum of the sample (shown in Figure 
2.9). This property appears to be robust when this cycle was repeated for the second time. 
However, the crystalline solid becomes amorphous after losing Et2O. Other solvents, 
MeCN and CH2Cl2, were tried to be incorporated into the compound but it seems the 
complex prefer to take Et2O back only. 




















Temperature (oC)  
Figure 2.8. DSC of [La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 1. 
 
Figure 2.9. XRPD patterns of [La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 1, (black); after 
losing Et2O  (red) and after taking Et2O back (green). 
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2.2.2.3 Structure of [Ln(2,2’-bipy)2(SC{O}Ph)3] (Ln = La & Pr) and 
[Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)x] (x = 1 or 0) 
Ten-coordicate lanthanides metal centers in complexes have been reported by 
different groups.71,72 In compound [Sm(NO3)3(TPTZ)(H2O)]·2H2O (TPTZ = 
2,4,6-tris(2-pyridyl)-1,3,5-triazine),71 the samarium atom is ten-coordinate, which is 
bonded to three N atoms from the TPTZ ligand, three nitrate anions in bidentate mode 
and one water molecule. In series of compounds [Ln(NO3)3.(H2O)4]·2H2O (Ln = Pr–Dy, 
Y)72 with 10-coordination for the metal, all nitrate groups are coordinated as bidentate 
ligands and four water molecules are also coordinated to the metal center. The solid-state 
structure of [La(2,2’-bipy)2(SC{O}Ph)3], 4 reveals ten coordination geometry at the 
metal center with N4 donor from two 2,2’-bipy ligands and O3S3 donor from three 
thiobenzoate ligands as shown in Figure 2.10. The La-N distance in 4 ranges from 
2.683(3) to 2.751(3) Å, which are comparable to the La-N bond length, 2.661(2)-2.688(2) 
Å, observed in 1. The La-O distance in 4 ranges from 2.527(2) to 2.603(2) Å, which are 
shorter compared to La-S bond length, 3.042(1)-3.161(1) Å. The N-La-N angles range 
from 59.15(8) to 137.17(9)o, which was not shown in Table 2.2. The O-La-O angles range 
from 69.9(8) to 177.0(7)o while the S-La-S angles are in the range of 73.1(3)-145.7(3)o. 
The O-La-S angles range from 52.31(6) to 130.48(6)o. The corresponding praseodymium 
(III) complex, [Pr(2,2’-bipy)2(SC{O}Ph)3], 5 is believed to be isomorphous and 
isostructural to 4 according to element analysis results.   
For Ytterbium (III), [Yb(2,2’-bipy)(SC{O}Ph)3] has a poor solubility in CH2Cl2. 
However it was dissolved in CH2Cl2 by heating and layered with Et2O to obtain single 
crystal of [Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)], 6a. The solid-state structure of 6a reveals 
Chapter 2                                             Metal Thiocarboxylates 
 67
eight coordination geometry at the metal center with N2 from 2,2’-bipy ligands and O3S3 
donor from three thiobenzoate ligands as shown in Figure 2.11. The two Yb-N bonds 
length observed in 6a are 2.443(4) and 2.459(4) Å respectively. The Yb-O distance in 6a 
ranges from 2.312(3) to 2.323(3) Å, which are shorter than Yb-S bond length, 
2.772(1)-2.776(2) Å. The O-Yb-O angles range from 77.1(1) to 127.7(1)o while the 
S-Yb-S angles range from 90.4(4) to 162.4(4)o. The O-Yb-S angles range from 59.9(9) to 
137.2(9)o. Weak molecular forces are an important factor affecting the crystal structure of 
complexes. The conformations of many reported molecules are determined by weak 
interactions, such as hydrogen bonds and π–π stacking etc.73 In the packing of 6a, it 
shows weak Cl···Cl interaction between two CH2Cl2 molecules.74 Moreover, when ratio 
of 2,2’-bipy was changed from 1 to 2 purposely, the final product was still 
[Yb(2,2’-bipy)(SC{O}Ph)3], 6b. These Lanthanides thiocarboxylates represents a new 
class of lanthanide compounds, which are potential as precursors for lanthanide 
oxysulfide. The thermal decomposition of these precursors to corresponding lanthanide 
oxysulfide will be discussed in the following section. 
 
Figure 2.10. Ball and stick diagram of [La(2,2’-bipy)2(SC{O}Ph)3], 4. 
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Figure 2.11. Packing diagram of [Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)], 6a showing  
Cl···Cl interaction (3.952 Å)  
2.2.2.4 Thermogavimetry studies of [Ln(2,2’-bipy)2(SC{O}Ph)3] (Ln = La, Pr & Yb) 
The rare earth oxysulfides have high luminescence efficiency and low afterglow 
and have attracted considerable interest as luminescence materials for a variety of 
applications.75 There are reports of their utilization for the X-ray solid-state detector in 
X-ray crystallography.  Also, they are common phosphors for optical and lighting 
applications.76 In recent years La2O2S has been found to be an effective catalyst for the 
reduction of SO2 by CO via the intermediate COS, which may have future applications in 
environmental protection.77,78 Compounds 4, 5 and [Yb(2,2’-bipy)(SC{O}Ph)3], 6b 
described here have the correct ratio of metals to serve as precursors for Ln2O2S (Ln = La, 
Pr and Yb) compounds; hence, the thermal decompositions of 4, 5 and 6b have been 
investigated using TG and are presented in Figure 2.12, and the results are summarized in 
Table 2.4. TG curves show that the inception of weight loss occurs at 174, 145 and 181oC 
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for 4, 5 and 6b, respectively. They decompose in two distinct steps in the temperature 
regions of 174-669, 145-612 and 181-621oC, respectively. The final residues are not the 
expected Ln2S3 but Ln2O2S as shown by XRPD. According to Hampden-Smith et al. 
metal thiocarboxylates can undergo a thiocarboxylic anhydride elimination reaction to 
form "MS".79 However in this case, the formation of Ln2O2S instead of Ln2S3 has been 
attributed to the fact that the lanthanides are hard metals which prefer O than S. The 
observed residual weight matched well with the calculated residual weight of Ln2O2S in 
TG measurements as well as in pyrolysis experiments. The X-ray powder diffraction 
(XRPD) patterns of the residues shown in Figure 2.13 can be assigned to the 
hexagonal-phase La2O2S (JCPDS 00-027-0263), the hexagonal-phase Pr2O2S (JCPDS 
00-27-0479) and Yb2O2S (JCPDS 00-026-0614). The single-source precursor method 
appears to be an alternative but attractive route to preparing Ln2O2S compounds 
compared to the traditional high temperature synthetic. The SEM image of Ln2O2S was 
displayed in Figure 2.13 b, d and f. All of them are crystalline compounds. 
 
Figure 2.12. The TG curves with a heating rate of 10 oC min-1 for 4, 5 and 6b.  
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Table 2.4. Pyrolysis and TG Results for 4, 5 and 6b 
a 4, 5 and 6b were heated at 600 oC under 0.5 Torr of pressure for 1 h. 
   
   
Compd Temp range 
(oC) in TG 
Residue wt obsd 
(calcd) (%) in TG 
Residue wt in 
pyrolysis (%)
Product of decomposition 
4 174-442    
 442-669 20.1 (19.8) 21.2a La2O2S (00-027-0263) 
5 145-462    
 462-612 20.1 (20.0) 22.0a Pr2O2S (00-027-0479) 
6b 181-440    
 440-621 28.0 (27.7) 29.1a Yb2O2S (00-026-0614) 
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Figure 2.13. XRPD patterns and SEM image of obtained pyrolysis products: (a) and (b) 
La2O2S; (c) and (d) Pr2O2S; (e) and (f) Yb2O2S. 
2.2.3 Conclusions 
This section described the crystal structures and thermal dehydration properties of 
three unusual lanthanide complexes that retain Et2O well above its boiling point through 
O-H···O hydrogen bonding despite the presence of channels in the lattice for Et2O to 
escape. Further, the onset temperature of Et2O loss from the solid could be controlled by 
the size of the metal ions in these complexes. Et2O-free solid 1 is able to take back Et2O 
quantitatively. 
2.2.4 Experimental 
Synthesis of [La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (1): To NaSC{O}Ph formed in situ 
(by reacting PhC{O}SH (0.57 mL, 4.87 mmol) and Na (0.11 g, 4.87 mmol) in 10 mL 
distilled MeOH, 2,2’-bipy (0.25 g, 1.62 mmol) in 2 mL distilled MeOH was added to get 
a brown clear solution and was followed by the addition of LaCl3⋅7H2O, (0.56 g, 1.52 
mmol) after dried in vacuum for 15 min, in 8 mL distilled MeOH. The brown cloudy 
solution thus obtained was stirred and the solvents were removed under vacuum. The 
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product obtained was extracted with CH2Cl2 and concentrated. The resulting yellow 
solution was layered with Et2O. Yellow crystalline precipitate of 
[La(2,2’-bipy)2(SC{O}Ph)3], 4, major product, which was filtered and dried in air. Yield: 
0.37g (56%). Anal. Calcd. for [La(2,2’-bipy)2(SC{O}Ph)3] (mol. wt. 862.83): C, 57.07%; 
H, ,3.62%; N, 6.49%; S, 11.15%. Found: C, 56.96%; H, 3.26%; N, 6.37%; S, 10.21%. 1H 
NMR (δ, d6-Acetone): For 2,2’- bipy: 7.98-8.03 (4H, 5, 5’), 8.41-8.45 (4H, 6, 6’), 8.99 
(4H, 3, 3’); For thiobenzoic ligand: 7.31-7.36 (6H, m), 8.09 (6H, o), 7.43-7.51 (7H, 
overlapped due to 3H from p of thiobenzoic ligand and 4H from 4, 4’ of 2,2’-bipy). 
13C{1H} NMR (δ, d6-Acetone): For thiobenzoic ligand: 129.0 (C2/6 or C3/5), 129.2 (C2/6 or 
C3/5), 139.5 (C1), 143.3 (C4); for 2,2’- bipy: 122.8 (6, 6’), 125.9 (5, 5’), 133.3 (4, 4’), 
150.9 (3, 3’), 156.3 (1, 1’). The filtrate yielded 0.12 g (~10%) yellow crystals of 
[La(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 1, minor, product, which were collected, washed 
with Et2O, and dried in air. Anal. Calcd. for C35H35O5N2S3La (mol. wt. 798.78): C, 
52.63%; H, 4.42%; N, 3.51%; S, 12.04%. Found: C, 52.65%; H, 4.37%; N, 3.36%; S, 
11.26%. 1H NMR (δ, d6-Acetone): For 2,2’- bipy: 8.02-8.03 (2H, 5, 5’), 8.46-8.49 (2H, 6, 
6’), 8.99 (2H, 3, 3’); for thiobenzoic ligand: 7.32-7.37 (6H, m), 8.12-8.15 (6H, o), 
7.44-7.49 (5H, overlapped due to 3H from p of thiobenzoic ligand and 2H from 4, 4’ of 
2,2’-bipy); for Et2O: 1.09-1.14 (CH2CH3, triplet), 3.37-3.44 (CH2CH3, quadruplet); for 
H2O: 2.89. 13C{1H} NMR (δ, d6-Acetone): For 2,2’- bipy: 123.2 (6, 6’), 126.2 (5, 5’), 
133.1 (4, 4’), 151.1 (3, 3’), 156.5 (1, 1’); for thiobenzoic ligand: 128.9 (C2/6 or C3/5), 
129.2 (C2/6 or C3/5), 140.3 (C4), 143.4 (C1); for Et2O: 16.26 (CH2CH3), 66.77 (CH2CH3). 
Synthesis of [Pr(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (2): the synthetic procedure similar 
to 1 was applied but LaCl3⋅7H2O was replaced by PrCl3⋅6H2O. Light green crystalline 
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precipitate of [Pr(2,2’-bipy)2(SC{O}Ph)3], 5, was obtained as major product. Yield: 75%. 
Anal. Calcd. for [Pr(2,2’-bipy)2(SC{O}Ph)3] , 5, (mol. wt. 864.83): C, 56.94%; H, 3.61%; 
N, 6.48%; S, 11.12%. Found: C, 55.73%; H, 3.53%; N, 6.19%; S, 10.34%. Green color 
crystal [Pr(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O, 2, was obtained as minor product. Yield: 
0.12 g (~10%). Anal. Calcd for C35H35O5N2S3Pr (mol. wt. 800.78): C, 52.50%; H, 4.41%; 
N, 3.50%. Found: C, 52.56%; H, 4.16%; N, 3.61%. 
Synthesis of [Sm(2,2’-bipy)(SC{O}Ph)3(H2O)]·Et2O (3): The compound was 
synthesized using a procedure similar to 1 but LaCl3⋅7H2O was replaced by 
Sm(NO3)3⋅6H2O. Yield of yellow color crystal: 0.04 g (~3%). Anal. Calcd. for 
C35H35O5N2S3Sm, 3, (mol. wt. 810.23): C, 51.88%; H, 4.35%; N, 3.46%; S, 11.87%. 
Found: C, 51.97%; H, 4.24%; N, 3.50%; S, 11.43%. 
Synthesis of [Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)] (6a) and [Yb(2,2’-bipy)(SC{O}Ph)3] 
(6b): The crystal of [Yb(2,2’-bipy)(SC{O}Ph)3(CH2Cl2)] was obtained from 
CH2Cl2-Et2O solvent system. CH2Cl2 in crystal lattice can be lost when it is taken out of 
mother liquid. Therefore the elemental analysis and TGA show only the composition of 
the desolvated 6a, [Yb(2,2’-bipy)(SC{O}Ph)3]. Anal. Calcd. for 
[Yb(2,2’-bipy)(SC{O}Ph)3] (mol. wt. 740.77): C, 50.26%; H, 3.13%; N, 3.78%; S, 
12.99%. Found: C, 50.69%; H, 3.15%; N, 4.07%; S, 12.49%. While another Ytterbium 
compound, [Yb(2,2’-bipy)(SC{O}Ph)3], 6b, was also prepared in a similar manner like 4. 
Yield = 68%. Anal. Calcd. for [Yb(2,2’-bipy)(SC{O}Ph)3] (mol. wt. 740.77): C, 50.26%; 
H, 3.13%; N, 3.78%; S, 12.99%. Found: C, 49.95%; H, 3.37%; N, 3.88%; S, 12.84%.  
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2.3 Synthesis, structures and thermal properties of [M{In(SC{O}Ph)4}2] (M = Mg 
and Ca) 
 
Scheme 2.3. Structures and thermal decomposition of [M{In(SC{O}Ph)4}2] (M = Mg 
and Ca) 
2.3.1 Background of [M{In(SC{O}Ph)4}2] (M = Mg and Ca) 
[M{In(SC{O}Ph)4}2] (M = Mg and Ca) are suitable single-source precursors for 
MIn2S4 materials (Scheme 2.3). Such II-III2-VI4 materials have potential applications in 
optoelectronics.80 The literature on the heterobimetallic compounds containing InIII is 
limited. A Cambridge Structural Database (version 5.27, May 2006) search reveals that 
there are only four structures containing both MgII and InIII.81-84 In one structure, the two 
metals are bridged by fluorine atoms81 and the other three are salts. However, there is no 
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report on the structures containing CaII and InIII, and hence compound 
[Ca{In(SC{O}Ph)4}2]  and its hydrated forms are unique, and probably they represent 
the first series of heterobimetallic compounds containing both CaII and InIII. 
The compounds [Mg{In(SC{O}Ph)4}2] (7) and 
[Ca(H2O)x{In(SC{O}Ph)4}2]·yH2O (x = 0, y = 1, 8 major product; x = 1, y = 0, 8a minor 
product; x = 2, y = 2, 8b minor product) have been synthesized by reacting InCl3 and 
M(SC{O}Ph)2 (M = Mg and Ca) prepared in situ in the molar ratio 1 : 2 as shown below. 
The structures of 7, 8a, and 8b have been determined by X-ray crystallography.  
MO or M(OH)2 + 2 PhC{O}SH          [M(SC{O}Ph)3] + x H2O (x=1 or 2) ······(2.1) 
4 [M(SC{O}Ph)3]+ 2 InCl3          [M{In(SC{O}Ph)4}2] + 3 MCl2 
(M = Mg and Ca)                                                   ······(2.2) 
The compounds are soluble in CH2Cl2, CHCl3, and (Me)2CO but insoluble in 
MeCN, MeOH, and EtOH. The desolvated compounds are found to be very stable, and 
no apparent decomposition occurred when they were left at room temperature in air. 
Compound 8 with a variable number of water molecules has been isolated. Upon 
prolonged exposure to humid air, 8a and 8b with more water in the lattice and 
coordination sphere were formed. This is not surprising considering the hydrophilic 
nature and hydration energy associated with CaII ions. 
MeOH
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2.3.2 Structure of [M{In(SC{O}Ph)4}2] (M = Mg and Ca) 
The structure of 7 consists of two tetrahedral [In(SC{O}Ph)4]- anions 
sandwiching the MgII metal ions through six carbonyl O atoms. The coordination 
geometry at the MgII metal atom is distorted octahedral with an O6 donor set. The 
structures of 8a and 8b consist of two [In(SC{O}Ph)4]- anions sandwiching the CaII metal 
ion through five and four carbonyl O atoms, and the octahedral coordination at the CaII 
centers is completed by one and two aqua ligands, respectively. Two aqua ligands and 
two lattice water molecules form a H-bonded water chain in the channel created by 
[Ca{In(SC{O}Ph)4}2] molecules in the crystal structure of 8b. One of the thiobenzoate 
ligands in 8a was found to be disordered. Two disordered phenyl rings (70 : 30) were 
resolved. The positional and isotropic thermal parameters of all of the H atoms of the 
water molecules in 8b were refined in the model. The relevant crystallographic data and 
refinement details are compiled in Table 2.5, and selected bond distance and angle ranges 
are given in Table 2.6.  
Table 2.5. Crystallographic Data and Refinement Parameter for 7, 8a, and 8b 
 7 8a 8ba 
Chemical formula C56H40In2Mg O8S8 C56H42CaIn2O9S8 C56H48CaIn2O12S8
Fw 1351.40 1383.58 1439.24 
cryst syst monoclinic monoclinic tetragonal 
T, oC -50 -50 -50 
λ, Å 0.71073 0.71073 0.71073 
Space group P21/c P21/c P41212 
a, Å 19.0741(7) 13.811(3) 19.5247(7) 
b, Å 11.1258(4) 30.544(7) 19.5247(7) 
c, Å 26.6374(10) 16.527(4) 15.8951(7) 
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β, deg 90.422(2) 112.998(6) 90 
V, Å 3 5652.7(4) 6418(3) 6059.4(4) 
Z 4 4 4 
Dcalcd, g cm-3 1.588 1.434 1.578 
μ, mm-1 1.175 1.108 1.180 
final R indicesb  
[I > 2 (I)] 
R1 = 0.0529  
wR2 = 0.1382 
R1 = 0.1288 
wR2 = 0.3291 
R1 = 0.0314  
wR2 = 0.0689 
R indices (all data) R1 = 0.0643  
wR2 = 0.1432 
R1 = 0.1598  
wR2 = 0.3480 
R1 = 0.0338  
wR2 = 0.0698 
a Flack parameter, -0.04(2).b R1 = (Σ Fo  - Fc )/ Σ Fo ; wR2 = [Σ w(Fo2 - Fc2)/ Σ 
wFo4]1/2. 
Table 2.6. Selected Bond Distance (Å) and Angle (deg) Ranges in 7, 8a, and 8b 
Structure of 7 The neutral molecule consists of two tetrahedral [In(SC{O}Ph)4]- 
anions in which each InIII center has four thiobenzoate anions bonded through the S 
atoms, as shown in Figure 2.14. These tetrahedral anions act as a metalloligand to 
sandwich a MgII metal ion. Each [In(SC{O}Ph)4]- anion chelates a MgII ion through three 
 7 (M = Mg) 8a (M = Ca) 8b (M = Ca) 
Bond Distance Range 
In-S 2.453(2)-2.512(2) 2.441(6)-2.514(4) 2.461(1)-2.488(1) 
M-O 2.006(4)-2.060(4) 2.28(1)-2.32(1) 2.28(1)-2.32(1) 
S-C 1.716(6)-1.755(6) 1.70(2)-1.76(2) 1.742(4)-1.763(4) 
O-C 1.213(6)-1.234(6) 1.21(2)-1.24(2) 1.218(4)-1.232(4) 
Bond Angle Range 
S-In-S 88.75(5)-124.23(8) 92.5(2)-128.2(1) 106.02(3)-108.71(4) 
cis O-M-O 85.6(2)-93.5(2) 79.4(4)-103.7(4) 78.2(2)-122.9(1) 
trans O-M-O 174.7(2)-176.9(2) 164.4(4)-170.3(3) 156.7(1)-172.8(2) 
C-S-In 85.9(2)-113.9(2) 87.8(5)-109.0(5) 91.3(1)-100.9(1) 
C-O-M 155.6(4)-168.8(4) 137.2(9)-164.7(9) 161.1(3)-170.0(3) 
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carbonyl O atoms. In other words, each "In(SC{O}Ph)3Mg" cage is comprised of three 
fused eight-membered rings. Thus, the coordination geometry around the MgII metal 
atom is distorted octahedral with an O6 donor set. The In-S distances in 7 range from 
2.453(2) to 2.512(2) Å, which are comparable to the In-S distances observed in the 
compound (Et3NH)[In(SC{O}Ph)4].85 The Mg-O distances are in the range from 2.006(4) 
to 2.060(4) Å. Large variations in the angles around the InIII [88.75(5)-124.23(8)o] and 
MgII [85.6(2)-176.9(2)o] metal ions are indicative of distortion from the ideal tetrahedral 
and octahedral geometries, respectively. A noncrystallographic center of inversion is 
present at the MgII atom. 
 
Figure 2.14. Molecular structure of 7 with its numbering scheme 
Structures of 8a and 8b As displayed in Figure 2.15, the molecular structure of 
8a also contains two tetrahedral [In(SC{O}Ph)4]- anions chelating the CaII ion through 
five carbonyl O atoms. The coordination geometry at the CaII metal atom is distorted 
octahedral with an O6 donor set, with the sixth position occupied by an aqua ligand. The 
In-S distances in 8a are in the range 2.441 (6)-2.514(4) Å and the Ca-O distances in the 
range 2.28(1)-2.32(1) Å. InIII and CaII metal centers in 8a are also highly distorted from 
tetrahedral and octahedral geometries as inferred from a wide range of angles (Table 2.6).  
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Figure 2.15. Ball-and-stick diagram showing the molecular structure of 8a 
The structure of 8b shown in Figure 2.16 is very similar to that of 8a but with a 
crystallographic 2-fold symmetry at Ca1. However, only two carbonyl O atoms from 
each [In(SC{O}Ph)4]- anion are bonded to the CaII ion. The remaining two cis corners of 
the pseudo-octahedral geometry at CaII are occupied by two aqua ligands. The crystal has 
two lattice water molecules per formula unit.  
 
Figure 2.16. Ball-and-stick diagram showing the molecular structure of 8b 
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The cis geometry at the CaII center helps the molecule remain packed to form a 
channel. All of the carbonyl O atoms and aqua ligands provide a hydrophilic environment 
for the channel in which the lattice water molecules have been trapped. Two 
symmetry-independent lattice water molecules sitting in a 2-fold crystallographic special 
position are alternatively bonded to the aqua ligands to generate a H-bonded water chain 
in the lattice, which propagates in the c direction, as shown in Figure 2.17. Selected 
H-bonding parameters are tabulated in Table 2.7. It may be noted that the lattice water 
molecules are further hydrogen bonded to a carbonyl oxygen, O4, and a sulfur atom, S2, 
thereby stabilizing the structure. 
 
Figure 2.17. (a and b) Two views of the H-bonded water chain inside the channel created 
by [Ca{In(SC{O}Ph)4}2] in 8b. Color code: red, O; green, CaII; brown, InIII; yellow, S; 
black, C; white, H. (c) Perspective view of the water chain. All C-H hydrogen atoms are 
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Table 2.7. Selected H-Bonding Parameters in 8ba 
a Symmetry operators: a, -x + 1, -y + 1, z + 1/2; b, -x + 1, -y + 1, z + 1/2. 
2.3.3 Thermogavimetry studies of [M{In(SC{O}Ph)4}2] (M = Mg and Ca) 
Metal chalcogenide compounds with composition II-III2-VI4 (where II = divalent 
metal, III = trivalent metal, VI = chalcogenides) are the potential materials for 
optoelectronics applications.35 Compounds 7 and 8 described here have the correct ratio 
of metals to serve as precursors for MIn2S4 compounds; hence, the thermal 
decompositions of 7 and 8 have been investigated using TG and are presented in Figure 
2.18, and the results are summarized in Table 2.8. TG curves show that the inception of 
weight loss occurs at 194 and 181oC for 7 and 8, respectively. They decompose in two 
distinct steps in the temperature regions of 194-585 and 181-620oC, respectively, and the 





D-H···A d(D-H) d(H···A) ∠DHA d(D···A) 
O5-H5A···O7a 0.77(2) 2.12(3) 153(6) 2.830(3) 
O5-H5B···O6b 0.78(2) 2.01(2) 165(3) 2.772(5) 
O6-H6···O4 0.76(2) 2.07(1) 173(4) 2.830(3) 
O7-H7···S2 0.78(2) 2.71(3) 150(2) 3.407(4) 
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Figure 2.18. TG curves of 7 and 8. 
Table 2.8. Pyrolysis and TG Results for 7 and 8 
a 7 and 8 were heated at 600 oC under 0.5 Torr of pressure for 1 h. 
The weight losses observed in the TG experiments agree well with the calculated 
values for the formation of the proposed intermediate "[MIn2S3(SC{O}Ph)2]" and the loss 
of three S(C{O}Ph)2 molecules (Table 2.8). The observed residual weight matched well 
with the calculated residual weight of MgIn2S4 but slightly higher for CaIn2S4 in both TG 
and pyrolysis experiments. The XRPD patterns of the residues shown in Figure 2.19 can 
Compd Temp range 
(oC) in TG 
Residue wt obsd 
(calcd.) (%) in TG 




7 194-412 46.7 (46.2)  “[MgIn2S3(SC{O}Ph)2]”
 412-585 28.6 (28.3) 28.9a MgIn2S4 (01-070-2893) 
8 78-99 1.20 (1.30)  Anhydrous 8 
 181-499 47.7 (47.5)  “[CaIn2S3(SC{O}Ph)2]” 
 499-620 29.9 (28.8) 30.6b CaIn2S4 (01-31-0272) 
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be assigned to the cubic-phase MgIn2S4 (JCPDS 01-070-2893) and the cubic-phase 
CaIn2S4 (JCPDS 00-31-0272) reported in the literature.86 The mismatching of the 
intensity and poor agreement in the region 2θ > 50o may be due to a combination of both 
the less crystalline nature of the compound and/or the preferred orientations of the 
crystallites. The single-source precursor method appears to be an alternative but attractive 
route to preparing MIn2S4 compounds, and the traditional synthetic method normally 
requires very high temperatures (<900oC).87 SEM images of the obtained pyrolysis 
products were displayed in Figure 2.20. 
  
Figure 2.19. XRPD of the decomposed products of 7 (a) and 8 (b). 
  
Figure 2.20. SEM images of the decomposed products of 7, MgIn2S4 (a) and 8, CaIn2S4 
(b). 
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2.3.4 Conclusions 
In this section of this chapter, we have presented that [In(SC{O}Ph)4]- can be 
used as a metalloligand to bind to MgII and CaII ions and isolated 7 and 8, which are 
molecular compounds unlike the alkali-metal derivatives of [In(SC{O}Ph)4]-.4 In solution, 
[Ca{In(SC{O}Ph)4}2] can easily be hydrated because of the nature of the CaII ions, and 
two different hydrated crystalline forms were isolated. Of these, 8b has an interesting 
channel created by [Ca{In(SC{O}Ph)4}2], trapping a single-stranded H-bonded water 
chain in the lattice. Thermal decomposition of these compounds led to the formation of 
MIn2S4 and was confirmed by the XRPD patterns of the residues. On the basis of our 
investigations, 7 and 8 are useful precursors to the MIn2S4 materials. Further use of these 
precursors to make nanoparticles and thin films is under investigation.  
2.3.5 Experimental 
 [Mg{In(SC{O}Ph)4}2] (7). Thiobenzoic acid (0.25 mL, 2.12 mmol) was deprotonated 
by MgO (0.043 g, 1.06 mmol) in MeOH (10 mL). To this yellow turbid solution of 
Mg(SC{O}Ph)2 was added InCl3 (0.120 g, 0.53 mmol) in MeOH (10 mL). The mixture 
was stirred for about 30 min, the solvent was evaporated under vacuum to get a creamy 
yellow product, which was washed with Et2O, and the residue was extracted into 
dichloromethane. The CH2Cl2 filtrate was concentrated and layered with hexane. A white 
crystalline precipitate started forming almost immediately. The flask was then allowed to 
stand in the refrigerator at 5 oC. Colorless needlelike crystals of 7 appeared the following 
day, which were suitable for X-ray diffraction studies. Yield: 0.24 g (68%). Anal. Calcd. 
for 7, C56H40In2MgO8S8 (mol. wt. 1351.40): C, 49.77; H, 2.98; S, 18.98. Found: C, 49.45; 
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H, 2.79; S, 19.22. 13C{1H} NMR (CDCl3): 128.2 (m-C), 128.9 (o-C), 133.8 (p-C), 137.8 
(ipso-C), 209.1 (PhCOS). FT-IR data (cm-1): 1589 (s, C=O), 1568 (s, C=O), 1212 (s, 
Ph-C), 932 (s, C-S), 652 (s, (SCO)). Electrospray ionization mass spectrometry 
(ESI-MS), acetone at 50oC: m/z 663.2 ([In(SC{O}Ph)4]-, 15%), 137.4 (PhC{O}S-, 100%).  
[Ca(H2O)x{In(SC{O}Ph)4}2]·yH2O (x = 0, y = 1, 8; x = 1, y = 0, 8a; x = 2, y = 2, 8b) can 
be obtained under different experimental conditions. Compound 8 was synthesized via a 
synthetic strategy similar to that of 7 except that Ca(OH)2 was used instead of MgO. 
Colorless blocklike crystals of 8 were obtained as the major product, but it became 
opaque after 1 day in the mother liquid. However, very long thin rodlike crystals of 8a 
were obtained as a minor product along with 8, which were suitable for single crystal 
X-ray diffraction experiments. Yield of 8: 58%. Anal. Calcd. for 8, C56H42CaIn2O9S8 
(mol. wt. 1385.19): C, 48.56; H, 3.06; S, 18.52. Found: C, 48.20; H, 3.53; S, 18.05. 
13C{1H} NMR (CDCl3): 128.2 (m-C), 129.0 (o-C), 133.7 (p-C), 138.1 (ipso-C), 209.0 
(PhCOS). FT-IR data (cm-1): 1587 (s, C=O), 1553 (s, C=O), 1210 (s, Ph-C), 937 (s, C-S), 
652 (s, (SCO)). ESI-MS (acetone) at 50oC: m/z 663.1 ([In(SC{O}Ph)4]-, 65%), 137.3 
(PhC{O}S-, 100%). TG weight loss: expected, 1.3%; found, 1.2%. Anal. Calcd. for 8a, 
C56H42CaIn2O9S8 (mol. wt. 1385.19): C, 48.56; H, 3.06; S, 18.52. Found: C, 48.08; H, 
3.65; S, 18.36. Another minor product 8b was obtained as follows. After the reaction 
mixture was stirred for about 30 min, the solvent was evaporated under vacuum to get a 
creamy yellow product, which was washed several times with MeOH and deionized 
water. The MeOH filtrate afforded single crystals of [Ca(H2O)2{In(SC{O}Ph)4}2]·2H2O. 
Anal. Calcd. for 8b, C56H48CaIn2O12S8 (mol. wt. 1439.24): C, 46.73; H, 3.36. Found: C, 
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45.10; H, 4.29. Because of the hygroscopic nature, the elemental analysis is not very 
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Chapter 3. Metal Sulfides Thin Films from Metal Organic 
Chemical Vapor Deposition of Single-Source Precursors 
3.1 Introduction 
Nowadays scientists have used thin film deposition techniques to develop new 
semiconductor materials, such as silicon, copper indium sulfides or selenides and 
cadmium telluride etc. Silicon is a very suitable material as the active layer of thin film 
solar cells because of its better stability and potential for higher efficiency.1,2 Copper 
indium sulfides (CuInS2) or  or selenides (CuInSe2) is promising as an absorber material 
for thin film solar cells with low-cost, less toxic and high-efficiency. It was reported that 
copper indium sulfides based solar cell has achieved efficiency up to nearly 13%.3-6 The 
Cadmium telluride is one of the leading thin film materials for terrestrial photovoltaics 
applications. CdTe based solar cell is among the top cells because it was reported that 
CdTe state of-the-art single-junction devices with efficiencies are more than 16%.7,8 
Except the above discussed new semiconductor materials, various metal chalcogenide 
films, such as Sb-Ge-S9 and FeS10, have become the hot topic in thin film research 
because their diverse properties allow their application as integrated planar optical 
circuits as well as for memory and other optoelectronic applications. 
Various thin film deposition techniques have been reviewed in chapter 1. 
Thin-film deposition is any technique for depositing a thin film of material onto a 
substrate or onto previously deposited layers or modified surface. Most deposition 
techniques allow layer thickness to be controlled within a few tens of nanometers or more 
Chapter 3                                                       Thin films 
 95
while MBE allow single layers of atoms to be deposited at a time.11 Deposition 
techniques fall into two broad categories, depending on whether the process is primarily 
chemical12 or physical.13 In chemical deposition of thin film, a precursor undergoes a 
chemical change at a solid surface, leaving a solid layer and the deposition happens on 
every surface. Therefore thin films from chemical deposition techniques tend to be 
conformal, rather than directional. Chemical deposition is further categorized by the 
phase of the precursor. Plating for thin films deposition14,15 relies on liquid precursors, 
often a solution of water with a salt of the metal to be deposited while CVD16,17 generally 
uses a gas-phase precursor, often a halide or hydride of the element to be deposited. In 
the case of MOCVD, an organometallic precursor is used. MOCVD method has many 
practical benefits over other methods.18,19 Especially, the composition, structure, and 
morphology of the thin films can be controlled properly if there is a suitable single-source 
precursor that is stable at ambient conditions with high volatility. 20,21 The metal 
chalcogenides thin films, such as II-VI thin films,22,23 CuInS224 and transition metal 
sulfides thin films25 have been deposited from single-source precursors, mainly dithio- 
and diseleno-carbamates, by MOCVD methods.  
This chapter is divided into two parts. In the first part MOCVD of La2S3 thin 
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3.2 Deposition and characterizations of lanthanum sulfide thin film 
 
Scheme 3.1. La2S3 thin film from [La(2,2’-bipy)(S2CNEt2)3] 
3.2.1 Background of lanthanum sulfide 
In search of new materials for the future, rare earth chalcogenides come to 
scientists’ mind because they have been extensively studied due to their potential 
applications in electronic, optical, superconducting devices, cold cathode configurations, 
current controlled devices, switching devices, photoconducting cells and thermoelectric 
components.26-32 The electrical, optical, magnetic and structural properties of various rare 
earth chalcogenides have been studied in detail and many theoretical models have been 
proposed.33 The intensive search for new semiconductor materials, especially for higher 
temperature applications, embraced the rare earth metals and their chalcogenides.34,35 
Also rare earth elements make them very attractive for the fabrication of new permanent 
magnets.36.   
Lanthanum sesquisulfide, besides having the widest transmission range (0.5–14 
µm), possesses a suitable combination of low thermal expansion coefficient, high melting 
point and sufficient mechanical hardness, making it an attractive alternative for future 
Chapter 3                                                       Thin films 
 97
infrared applications. Lanthanum sulfide exists in three different allotropic forms in the 
crystalline state. The low-temperature orthorhombic phase (α) transforms to the 
intermediate tetragonal phase (β) which further undergoes transformation to the 
high-temperature cubic phase (γ).37 The intermediate tetragonal phase (β) is in reality 
oxysulfide (La10S14O1–xSx) where a part of the sulfur is replaced by oxygen.38 β -Phase 
La2S3 is used as a phosphor and γ -phase La2S3 shows potential for application as a far 
infrared (8–14 µm) window material. 
Different methods have been used to synthesize lanthanide sulfides thin film but 
they often require the use of high temperatures or toxic gas. Amano and Shiokawa39 have 
prepared thin films of lanthanide sulfides by the CVD method using H2S gas however, 
most of the final sulfides are Ln2O2S oxysulfides except EuS monosulfide. Kazumasa et 
al.40 have used LaCl3 and thiourea to form La2S3 thin films. Toxic and corrosive CS2 was 
used during the process. Berkley et al.41 have deposited lanthanum sulfide thin films 
using multi-source vapor deposition. The atomic layer epitaxial method has been used by 
Niinisto et al.42 to deposite lanthanum sulfide thin films. Whereas Lokhande et al.43,44 
have investigated deposition and annealing effects on lanthanum sulfide thin films by 
spray pyrolysis. The groups of both Grant45 and Lokhande46 have reported research work 
on LaS thin films.  
In this section of this chapter, we demonstrated deposition of lanthanum sulfide 
(La2S3) thin films by the thermal evaporation of a single source precursor 
[La(2,2’-bipy)(S2CNEt2)3] for the first time (shown in Scheme 3.1).  The setup of 
MOCVD we used is shown in Scheme 3.2. This new route may open new avenues to the 
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creation of nanostructures of these lanthanide sulfides and investigate their physical 
properties. The preparative parameters, such as substrate temperature and the nature of 
substrates, are optimized to get well-defined lanthanum sulfide thin films. The optimized 
films are characterized by means of XRPD techniques, scanning electron microscopy 
(SEM), high resolution transmission electron microscopy (HRTEM) and in-situ X-ray 
photoelectron spectroscopy (XPS). The triangular facets of La2S3 observed in the thin 
films appear to indicate that synthesis of triangular NCs of La2S3 is not far reaching.   
3.2.2 Results and discussions 
3.2.2.1 Preparation of precursor 
The precursor [La(2,2’-bipy)(S2CNEt2)3] shown in Figure 3.1 was prepared in 
good yield by a literature method and used for MOCVD experiments. Its decomposition 
















Figure 3.1. Structure of precursor [La(2,2’-bipy)(S2CNEt2)3], 9. 
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Figure 3.2. TG of [La(2,2’-bipy)(S2CNEt2)3] precursor. 
3.2.2.2 Growth experiments 
  
Scheme 3.2. MOCVD setup 
The MOCVD chamber used to deposit La2S3 thin films is shown in Scheme 3.2. 
All metal coated Si substrates were prepared by sputtering the metal onto an Si wafer. 
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Prior to deposition, these wafers were cut into 1 × 2 cm2 pieces and rinsed with absolute 
EtOH. The deposition temperature was measured by a thermocouple mounted on the 
substrate. CVD was carried out by thermally evaporating the single-source precursor 
from a ceramic cup in a vacuum reactor under dynamic vacuum of 1 × 10–5 Torr in a 
stainless steel chamber. The temperature of the cup was maintained from 350°C to 400°C 
depending on the volatility and melting points of the precursors. The distance between 
the substance and the sample cup was maintained at 1 cm so that the vapors from the 
compound reached the surface of the substrate more easily. The substrate temperature 
was maintained from 300°C to 700°C during film growth for 20 min. 
3.2.2.3 Crystal phase determination by XRPD 
The La2S3 films were grown on different substrates using the 
[La(2,2’-bipy)(S2CNEt2)3] precursor. In order to investigate the influence of substrates on 
the crystal growth, XRPD of the films grown on different substrates are shown in Figure 
3.3.  
 
Figure 3.3. La2S3 thin films grown on different substrates from 50 mg 
[La(2,2’-bipy)(S2CNEt2)3] precursor at 500 oC for 20 mins. 
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Based on the above results and considering the possible extention to study 
magnetic properties on La2S3 thin film, pure Si was chosen as the optimized substrate to 
investigate the effect of substrate temperature on La2S3 thin film growth. The thin film 
was gray-black, fairly adherent to the substrates, i.e. nearly 80% of the film remains on 
the substrates as shown by Scotch tape test. However, in the case of the thin film grown 
at 300°C, the adherence was found to be unsatisfactory. The thin film belongs to the 
highly crystalline γ-phase cubic La2S3 crystal structure, as determined by XRPD (Figure 
3.4, JCPDS 25-1041). Figure 3.5 shows XRPD of the thin films grown on Si at different 
temperatures. It is found that there is no obvious trend for the preferred orientation of 
these films. At 400°C and 500°C, the XRPD has similar patterns, which is different from 
the films grown at lower or higher temperature. At 300°C, grain growth with preferred 
orientation has occurred as the intensity of the (521) reflection is distinctly higher than 
the other reflections. Further during the whole growth temperature range (300–700°C), 
the films consist of γ-phase La2S3. 
 
Figure 3.4. An XRD pattern of a La2S3 thin film grown at 470 oC on a pure Si substrate 
for 20 min. 
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Figure 3.5. La2S3 thin film grown on pure Si substrates at different growth temperatures 
from 50 mg [La(2,2’-bipy)(S2CNEt2)3] precursor for 20 mins. 
3.2.2.4 SEM and HRTEM studies 
Scanning electron microscopy showed that the films displayed an island-type 
growth whereby a number of clusters were observed. This growth mode is a feature of 
stronger interactions between deposited molecules than between the film and substrate. 
Another possible reason is that the amount of precursor is sufficient to form a layer of 
thin film and then some islands. The excess precursor can induce the specific spot growth 
on the initial fully coverd surface. The morphologies did not vary noticeably when Si, 
copper-coated Si and gold-coated Si were used as substrate (Figure 3.6 A, E and F), while 
the morphologies changed when nickel-coated Si and SiO2 substrates were employed 
(Figure 3.6 G and H). Further it is shown that thin films with small size grains formed at 
relatively low temperature on Si substrates (300–500°C, Figure 3.6 I, J and K). Full 
coverage of the thin film with bigger and well faceted grains occurred at much higher 
temperature (600–700°C, Figure 3.6 L and M). The thickness of these films ranges from 
2.0 to 9.5 µm. For example, the thickness of 7.4 µm observed for the film grown on 
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pure Si at 470°C is shown in Figure 3.6 B. In Figure 3.6 C and D, a high resolution TEM 
image together with the selected area electronic diffraction (SAED) recorded from the 
film grown on a Si substrate at 470°C are presented. Obviously, it is polycrystalline with 
small grain size because the SAED displays continuous rings (Figure 3.6 D). The strong 
Bragg reflections at (211), (310) and (321) agree well with typical planes in the 
corresponding XRPD pattern of γ-La2S3. 
 
Figure 3.6. SEM image of La2S3 film grown on (A) pure Si substrate at 470 oC, 
(B)corresponding cross field image, (C) corresponding HRTEM image, (D) 
corresponding SAED pattern; SEM images of La2S3 film grown on (E) copper-coated Si 
at 520 oC, (F) gold-coated Si at 550 oC, (G) nickel-coated Si at 550 oC, (H) SiO2 at 550 
oC; La2S3 film grown on pure Si substrate (I) at 300 oC, (J) at 400 oC, (K) at 500 oC, (L) 
at 600 oC, (M) at 700 oC. 
Chapter 3                                                       Thin films 
 104
3.2.2.5 In-situ XPS and proposed mechanism  
The adsorption and decomposition chemistry of the precursor 
[La(2,2’-bipy)(S2CNEt2)3] on silicon as well as nickel-coated silicon has been 
investigated using in-situ XPS. In XPS studies, the surface analysis chamber is equipped 
with a VG XR3E2 X-ray source system (Al Kα radiation) and a VG 100AX 
hemispherical analyzer. The growth chamber was equipped with a Knudsen cell for the 
evaporation of the precursor [La(bipy)(S2CNEt2)3] and an argon ion sputtering source for 
sample cleaning and depth sputtering. The sample could be transferred in-situ between 
the analysis chamber for XPS as well as the growth chamber for the evaporation of 
[La(bipy)(S2CNEt2)3] without breaking vacuum. 
Figure 3.7 shows the changes in the La 3d5/2 core level peaks beginning from the 
pre-adsorbed precursor on silicon (top-most curve), and after annealing to different 
elevated temperatures (from top to bottom). The peak at 838.1 eV is the La 3d5/2 core 
level peak of the intact precursor, while the peak at 834.5 eV is assigned to a shake-up 
satellite caused by the transition of a valence-band electron to an empty 4f orbital, 
occurring with the transition of a 3d electron to a continuum state. This type of satellite 
structure has been widely observed in trivalent lanthanum compounds such as halides,48 
oxides,48,49 and sulfides.50 The binding energy (B.E.) of the higher-intensity peak shifts to 
838.6 eV after annealing to 300°C, which we attribute to precursor break-up and La2S3 
formation. The same trend has been observed on substrates like Cu-coated Si. One reason 
for the small shift in B.E. is due to the fact that the lanthanum ions in both the precursor 
and La2S3 are trivalent. The change in B.E. of La 3d5/2 occurs at a temperature (i.e. 300°C) 
which coincides with the mass loss of sulfur. The atomic stoichiometry of the annealed 
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film, as judged from the La : S peak intensity ratios, is consistent with La2S3 after 
annealing the sample above 300°C. 
 
Figure 3.7. XPS spectra of La 3d5/2 beginning from the pre-adsorbed 
[La(2,2’-bipy)(S2CNEt2)3] precursor (top), and following annealing to elevated 
temperatures (from top to bottom). 
The corresponding changes in the S 2p core level peaks are shown in Figure 3.8. 
The B.E. of S 2p in the precursor is 164.6 eV. When the precursor decomposes to form 
La2S3, the B. E. of S 2p decreases to 163.4 eV. Figure 3.7 and Figure 3.8 show that the 
peak intensities and positions of the La 3d and S 2p peaks do not change much between 
300 and 800°C. This indicates that the La2S3 film obtained is thermally stable and does 
not evaporate from the substrate. The XPS data of La and S in La2S3 thin films are 
consistent with those of γ-La2S3.51 Annealing the pre-adsorbed precursors on nickel- or 
copper-coated silicon did not detect any evidence of solid state diffusional-substitutional 
reaction to form a ternary alloy phase like lanthanum copper sulfide, or lanthanum nickel 
sulfide. 




Figure 3.8. XPS spectra of S 2p beginning from the pre-adsorbed 
[La(2,2’-bipy)(S2CNEt2)3] precursor (top), and following annealing to elevated 
temperatures (from top to bottom). 
In principle, the stoichiometric ratio of sulfur to lanthanum should decrease from 
6 to 1.5 when the precursor decomposes to La2S3. This has been verified by our XPS 
studies. Figure 3.9 plots the peak intensity ratio of S 2p : La 3d5/2. The peak intensities 
have been corrected for their respective atomic sensitivity factors. On Si substrate, the 
ratio drops from 5.6 at room temperature to 1.5 at 300°C. It can be judged that the 
precursor decomposes to form La2S3 in the range 300–400°C. This result agrees with the 
TG result in Figure 3.2 which shows that [La(2,2’-bipy)(S2CNEt2)3] decomposes in the 
temperature range 160–420°C to La2S3 (residue weight percentage: observed, 26.2%; 
calculated, 25.3%). 
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Figure 3.9. The sulfur to lanthanum peak atomic ratios plotted against the annealing 
temperatures, corrected for atomic sensitivity factors. 
The fact that the precursor is well-suited for the clean deposition of La2S3 could 
be judged from the removal of the impurity signals following annealing, suggesting the 
desorption of ligands and solvents from the sample without surface retention. For 
example, Figure 3.10 shows the changes in the C 1s spectra on Si and the intensity 
becomes significantly small at temperatures higher than 400°C. According to the XPS 
wide scan in Figure 3.11, the quantities of other impurity elements like N and O are 
markedly reduced by annealing the film from 100°C to 500°C, though the film prepared 
at 500°C still contains trace amounts of N and O (probably from solvent). These results 
appear to indicate that the La2S3 film can be prepared relatively free of impurities by 
using the single-source precursor. 
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Figure 3.10. XPS spectra of C 1s beginning from the pre-adsorbed 
[La(2,2’-bipy)(S2CNEt2)3] precursor (top), and following annealing to elevated 
temperatures (from top to bottom). 
 
Figure 3.11. XPS wide scan spectra of the pre-adsorbed [La(2,2’-bipy)(S2CNEt2)3] 
precursor annealed to 100°C (top) and 500°C (bottom). 
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3.2.3 Conclusions 
In summary, the above results demonstrate that La2S3 thin films can be prepared 
on several substrates by means of a simple and convenient MOCVD route from 
[La(2,2’-bipy)(S2CNEt2)3]. To the best of our knowledge, no single-source precursor for 
the generation of lanthanum sulfide thin films has been reported. This new route may 
open the way to the creation of nanostructures. Moreover, our in-situ XPS studies 
indicate clearly that the precursors decompose completely to deposit a pure La2S3 film on 





([La(2,2’-bipy)(S2CNEt2)3]) was synthesized by using similar method reported by Ivanov 
et. al.47 LaCl3⋅7H2O, (0.60 g, 1.62 mmol) was dissolved in 10 mL H2O, and then 
2,2’-bipy (0.25 g, 1.62 mmol) in 2 mL EtOH and Na(S2CNEt2)⋅3H2O (1.10 g, 1.62 mmol)  
in 10 mL H2O were mixed and added to LaCl3⋅7H2O aqueous solution. Immediately a 
creamy yellow precipitate was formed and the solution contents were stirred for 30 min. 
Light yellow compound, [La(2,2’-bipy)(S2CNEt2)3],  9,  was obtained by filtering and 
rinsing with EtOH and H2O. Yield = 1.04 g (87%). Anal. Calcd. for 
[La(2,2’-bipy)(S2CNEt2)3] (mol. wt. 739.91): C, 40.58%; H, 5.18%; N, 9.47%; S, 26.00%. 
Found: C, 40.19%; H, 5.28%; N, 9.22%; S, 25.83%. 1H NMR (δ, CDCl3): For 2,2’-bipy: 
7.36–7.40 (2H, 4, 4’), 7.86–7.91 (2H, 5, 5’), 8.04–8.06 (2H, 6, 6’), 9.45 (2H, 3, 3’); for 
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3.3 Deposition and characterizations of nanostructured molybdenum sulfide thin 
film 
 
Scheme 3.3. MoS2 thin film from [Mo2(SC{O}Me)4(PPh3)2] 
3.3.1 Background of molybdenum sulfide 
Transition metal sulfides have many interesting properties such as 
superconductivity, fluorescence, electrical properties, and magnetism,52-57 which make 
them very promising materials for various applications. Among this large family, MoS2 is 
hexagonal phase material and has the same layer structure features as graphite (shown in 
Figure 3.12), which consist of weak van der Waals bonding between basal planes and 
strong covalent bonding within a plane.58,59 Due to the distinctive layer structure and 
electronic properties, MoS2 attracted an intense interest of scientists and has been 
investigated extensively as solid lubricants in high temperature and vacuum 
environments60-62 and indispensable industrial catalysts for hydrodesulfurization of crude 
oil.63-65  
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Figure 3.12. Crystal Structure of MoS2 (left) and Graphite Lamella Lattice Structure  
(right) (Reference: Dynamic Coating, Inc.). 
To date, various methods have been reported to synthesize nanostructured MoS2, 
including templated depositions,66 gas-phase reaction between H2S and MoO3-x,67 
solid-state reaction of MoCl5 and Na2S,68 sonoelectrochemical synthesis,69,70 
micelle-assisted synthesis,71 and thermal decomposition of ammonium 
thiomolybdate.72,73 pulsed laser deposition,74,75 microwave irradiation,76 and 
hydrothermal reactions.77-80 Although many methods discussed above have been used to 
product MoS2, reports based on the MOCVD remains scarce. The principal advantages of 
MOCVD method are good conformability, high-quality film formation, and high 
deposition rate. Also it can generate large-area film with uniform thickness, composition 
and property. And low processing temperatures of MOCVD is afforded by using 
metal-organic precursors.81 
In section two of this chapter, we will discuss the deposition of MoS2 thin film 
from a molybdenum thiocarboxylate precursor by MOCVD (shown in Scheme 3.3). [Mo-
2(SC{O}Me)4(PPh3)2] is newly synthesized thiocarboxylate and used as single-source 
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precursor to generate MoS2 thin film for the first time. This molybdenum thiocarboxylate 
appears to be a practicable molybdenum sulfide precursor for a MOCVD method because 
of its ease of synthesis and desirable physical properties. The crystal phase, surface 
morphological and diffraction properties of molybdenum sulfide thin films are 
investigated. 
3.3.2 Results and discussions  
3.3.2.1 Synthesis and crystal phase determination of MoS2 by XRPD methods 
Two molybdenum thiocarboxylates, [Mo2(SC{O}Me)4(PPh3)2], 10 and 
[Mo2(SC{O}C6H5)4], 11 have been synthesized. Both are stable in air, which makes 
precursors handling simple. They are synthesized easily in moderate yield from 
inexpensive reagents (as shown in equations 3.1 & 3.2). The structure of 10 must be very 
similar like the reported [Mo2(C7H5OS)4]·2[(C6H5)3OP].83 In fact, the synthesis of 
[Mo2(SC{O}Me)4] has been tried but we were unable to isolate the compound. The 
compounds decomposed even they were synthesized at 0 oC while triphenylphosphine 
was added as co-ligand to obtain stable product, [Mo2(SC{O}Me)4(PPh3)2]. 
Mo2(OC{O}Me)4 + 4 MeC{O}SH + 2PPh3    [Mo2(SC{O}Me)4(PPh3)2] + 
4MeC{O}OH                                                     ······(3.1) 
Mo2(OC{O}Me)4 + 4 PhC{O}SH      [Mo2(SC{O}Ph)4] + 4MeC{O}OH   ······(3.2) 
Based on the TG curves of these two complexes presented in Figure 3.13, the 
inception of weight loss occurs at 153 and 273oC for 10 and 11, respectively. Complex 10 
decompose in two steps to MoS2 in the temperature regions of 153-415 oC. The first one 
may be due to the formation of Mo2(SC{O}Me)4 (residue wt. obsd. 48.2%, calcd. 48.4%). 
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And the second one is due to dissociation of Mo2(SC{O}Me)4 to MoS2. The residue 
weight observed is 21.8%, which is much lower than the calculated value of 31.5%. On 
the contrary, Complex 11 decompose in single step to MoS2 in the temperature regions of 
273-501 oC. The residue weight observed is 43.6%, which is very close to the calculated 
value of 43.2%. The thermal stability of 10 is much lower than 11 and the formation of 
MoS2 can be achieved at considerably lower temperature for 10 compared to 11. Lower 
weight loss for the formation of MoS2 from 10 may be attributed to the volatility of the 
precursor or splashing of the product in the TG cup.  
  
Figure 3.13. The TG curves with a heating rate of 10 oC min-1 for (a) 10 and (b) 11.  
Complex 10 was chosen as a single-source precursor due to high volatility and 
lower decomposition temperature to give grayish black films at substrate temperatures of 
400-600°C by MOCVD. XRPD patterns for MoS2 thin films deposited at 400, 500, and 
600°C on glass are shown in Figure 3.14. The thin films consisted primarily of randomly 
oriented hexagonal phase MoS2 (JCPDS 00-024-0513). All the deposited films produced 
broad peaks, indicating the grain size of MoS2 may be quite small in nano range. It was 
noticed that all the thin films grown on Si at different temperature originated from the 
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edge-oriented planes such as (103), (104).84 These XRPD patterns are different from the 
some reported results,84-86 which noted the basal-oriented planes growth of MoS2 film.  
 
Figure 3.14. XRPD patterns of MoS2 thin films grown on pure Si substrates at different 
growth temperatures. 
It was found the influence of substrates on the growth of MoS2 thin films was 
very little. XRPD patterns of the MoS2 thin films grown on different substrates, such as 
silicon, nickel-coated silicon, nickel/titanium coated silicon, silver-coated silicon and 
gold-coated silicon are shown for comparison in Figure 3.15 a to e respectively. It is 
noticed that there is no obvious trend for the preferred orientation of these films. The 
XRPD has similar patterns under different temperature or on different substrates.  
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Figure 3.15. XRPD patterns of MoS2 thin films grown grown at 500°C for 20 mins on (a) 
Si; (b) Ni/Si; (c) Ni-Ti-Si; (d) Ag/Si; (e) Au/Si. 
3.3.2.2 SEM and HRTEM  
Scanning Electron Micrograph images for the thin films deposited on silicon at 
different temperature are shown in Figure 3.16 a to c. It was noted the films surface 
consisted of randomly oriented nanosized particles. However the films deposited on 500 
oC had leaf-like morphologies with shape edge. Figure 3.16 d to g shows the SEM image 
of MoS2 thin films grown on different substrates. MoS2 thin films were observed to be 
grain-like morphology and evenly distributed on the substrate surface. The diameter of 
the MoS2 grains varied from 45 – 77 nm. The thickness of the film is from 1.30 to 1.95 
μm (shown in Figure 3.16h). The morphologies did not change obviously when different 
substrates were chosen. 
 






Figure 3.16. SEM image of MoS2 thin films grown on (a) Si at 400°C; (b) Si at 500°C; (c) 
Si at 600°C; (d) Ni/Si at 500°C; (e) Ni-Ti-Si at 500°C; (f) Ag/Si at 500°C; (g) Au/Si at 
500°C; (h) the cross field image of the films shown in Figure 3.16 (b). 
Chapter 3                                                       Thin films 
 118
The morphology of sample was further studied by TEM. In Figure 3.17a to c, the 
high resolution TEM image recorded from the film grown on a Si substrate at 500°C are 
presented. The sample is made up of irregularly shaped S-Mo-S layers. Mainly sheet-like 
lamellae nanostructures are found. Most of these nanolayers are curved. The interlayer 
d-spacing was 0.648, 0.634 and 0.641 nm respectively as shown in Figure 3.17a to c, 
which is consistent with (002) d-spacing of 0.64 nm in 2H-MoS2. It was reported that 
annealing temperature higher than 700 oC lead to the enhanced layer growth and 
formation of onion-like nanostructure. The order in these onion-like nanostructures 
increased at 800 oC and fully crystalline and closed MoSe2 layers are formed. Increasing 
of the annealing temperature to 900 oC led to the formation of elongated MoSe2 
nanoparticles with tube- or rod-like structures.87 So the randomly oriented sheet-like 
lamellae nanolayer may be due to the relatively low deposition temperature of 500 oC. As 
shown in Figure 3.17d, the SAED of MoS2 thin film nanostructure revealed very light 
rings, indicative of random orientation. 
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Figure 3.17. (a) to (c) HRTEM images of MoS2 thin film grown on pure Si substrate at 
500°C; (d) SAED pattern of the MoS2 thin film sample.  
EDX analyses for the films deposited on Si at 500°C indicated they were 
composed of material having Mo/S ratios in 1 : 2 (shown in Figure 3.18). It has further 
proved the molybdenum disulfide was obtained successfully. No other impurities, such as 
O, were detected in EDX spectrum. 
 
Figure 3.18. EDX analysis spectrum of MoS2 thin film grown on Si substrate at 500 oC 
3.3.3 Conclusions 
In this section, we have demonstrated a simple and efficient MOCVD synthetic 
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approach to deposit MoS2 nanostructured thin films on several different substrates from 
single-source precursor [Mo2(SC{O}Me)4(PPh3)2]. Stoichiometric MoS2 can be deposited 
on a wide range of substrates from 400°C onward. It can be concluded that 
[Mo2(SC{O}Me)4(PPh3)2] as a single-source precursor opens up new possibilities for the 
growth of MoS2 nanostructured thin films at temperatures much lower than conventional 
solid-state reactions. 
3.3.4 Experimental 
[Mo2(SC{O}Me)4(PPh3)2] (10): This compound was prepared according to the reported 
precedure82 except triphenylphosphine were added as coordination ligand. To 
molybdenum acetate (0.45 g, 1.06 mmol) suspended in 10 mL distilled MeOH, 
triphenylphosphine (PPh3, 0.55 g, 2.12 mmol) and thioacetic acid (MeC{O}SH, 0.3 mL, 
4.23 mmol) were added. An orange color precipitate was formed immediately and the 
solution content was stirred in ice bath for 30 min. The reaction solution changed to dark 
orange due to the decomposition. The final product, 10, was purified by filtering under 
N2 and rinsing by distilled MeOH. Yield = 0.78 g (72%). Anal. Calcd. for 10 (mol. wt. 
1016.91): C, 51.97%; H, 4.16%; S, 12.61%; P, 6.09%. Found: C, 51.92%; H, 3.97%; S, 
11.43%; P, 5.79 %. 1H NMR (δ, CDCl3): For triphenylphosphine: 7.20-7.38 (m, 30H); for 
thioacetate ligand: 2.86-3.06 (12H). 13C{1H} NMR (δ, CDCl3): For triphenylphosphine: 
128.3 (C3, 3J(P-C), 9.1 Hz), 128.6 (C4), 133.5 (C1, 1J(P-C), 31.6 Hz), 133.7 (C2, 2J(P-C), 
14.8 Hz) for thioacetic ligand: 34.3 (CH3C{O}S).  
[Mo2(SC{O}C6H5)4] (11): This compound was also prepared by using similar method 
reported by Steele et. al.82 Molybdenum acetate (0.45 g, 1.06 mmol) was suspended in 10 
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mL distilled MeOH and then thiobenzoic acid (0.5 mL, 4.24 mmol) was added. 
Immediately red color precipitate was formed and the solution content was stirred for 30 
mins. The final product, [Mo2(SC{O}Ph)4], was purified by filtering under N2 and rinsing 
by distilled MeOH. Yield = 0.64 g (81%). Anal. Calcd. for Mo2(SC{O}C6H5)4 (mol. wt. 
740.61): C, 45.41%; H, 2.72%;S, 17.32%. Found: C, 45.52%; H, 2.67%; S, 17.13%. Its 
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Chapter 4. Metal Sulfides Nanocrystals from Single and 
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4.1 Introduction 
The unique optical, electronic, electromagnetic, thermodynamic properties of 
nanoparticles have made them useful in different applications including optical data 
storage,1 optical and electronic devices,2 biosensors for drug detection.3 In particular, 
optical properties of these nanoparticles are size-dependent. Better knowledge of the 
size-dependance optical properties of the nanomaterials is vital, especially for photonic 
devices.4  
The shape and size of nanostructures can fine tune the optical, optoelectronic, and 
magnetic properties. In recent years, many studies have devoted to prepare the unique 
nanomaterials with uniqure shape and size. Therefore controlling the shape and size of 
the nanomaterials is essential for the success of “bottom-up” approaches in discovery of 
novel nanoscale properties as well as future nanodevices. Cheon et al.5 have chosen PbS 
as a model to study the shape-guiding strategy and presented a rational synthetic scheme 
that yields novel architectures of semiconductor NCs. Shapes of PbS NCs studied are 
unusual and evolve from metastable 1D rod-based structures through star-shaped 
structures (shown in Figure 4.1a) as a transient species to stable truncated octahedron and 
cubes. Xia et al.6 have reported the synthesis of monodisperse silver nanocubes (shown in 
Figure 4.1b) in large quantities by reducing silver nitrate with ethylene glycol (EG) in the 
presence of poly(vinylpyrrolidone) (PVP). They also proved that the silver cubes could 
serve as sacrificial templates to generate single-crystalline nanoboxes of gold: hollow 
polyhedra bounded by six and eight {111} facets. Naka et al.7 have reported a preparation 
of silver dendritic nanostructures (shown in Figure 4.1c) with assistance of electron 
transfer from tetrathiafulvalene (TTF) to silver ions in an organic solvent. They explored 
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reducing ability of TTF to prepare metal nanostructures. The diameter of dendritic 
nanostructures observed was 2.70 ± 0.07 mm. As shown in Figure 4.1d, the crystalline 
‘nanobouquet’ was developed by Cambridge University PhD student Ghim Wei Ho. He 
passed a methane gas over silicon carbide wires, grown from Gallium and in this process 
the nanowires fuse together to form the intricate 3D structures. By simply varying the 
growth conditions, the morphology of the resultant films can be precisely controlled from 
nanobouquet, nanotrees to nanoflower. Moreover these nano-scale structures are 
currently being tested for use as a water repellant coating and a base for a new solar cell.  
 
 
Figure 4.1. (a) TEM image of star-shaped PbS NCs synthesized at 230 oC. (b) SEM 
images of slightly truncated silver nanocubes synthesized with the polyol process. (c) 
TEM image of a silver dendritic nanostructure observed after 21 h reaction. (d) Image of 
nanoflower bouquet (copyright permission granted by ACS, Science & RSC)  
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This chapter is made into three parts. The first part deals with preparation of 
AgInS2 NCs from single-source precursor. The results obtained from dual- and 
multiple-source precursors to synthesize AgInS2 NCs have been described in the second 
part. Finally the third part contains morphology-controlled synthesis of Bi2S3 
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4.2 Preparation of silver indium sulfide nanocrystals from single-source precursor  
 
Scheme 4.1 AgInS2 NCs from [(Ph3P)2AgIn(SC{O}Ph)4] 
4.2.1 Background of silver indium sulfide 
Materials with large third-order optical nonlinearity and fast response time are 
essential for future optical device applications in optical computing, real time holography, 
optical correlators and phase conjugators.8 Nanometer-sized semiconductor materials 
have been demonstrated to be potential candidates for this purpose since they exhibit 
large third-order optical nonlinearity due to quantum size and interfacial effects. Our 
interest in the nonlinear optical properties of AgInS2 NCs have been triggered by the fact 
that functional I–III–VI2 chalcopyrite semiconducting compounds such as AgGaS2, have 
been shown to be useful linear and non-linear optical materials.9,10 AgInS2 exists in two 
ordered phases:11-13 tetragonal (chalcopyrite structure) and orthorhombic. I–III–VI2 
ternary compounds like AgInS2 and CuInS2 are attractive materials as active 
semiconductors in photovoltaic and optoelectronic applications.14,15 AgInS2 material has 
Chapter 4                                                     Nanoparticles 
 133
a distinguished absorption in the visible and near infrared region because of its large 
absorption coefficient and its band gap energy between 1.87 and 2.03 eV.16,17 
Recently colloidal nanoparticles of different II-VI binary compounds have been 
studied extensively.18-20 Chemists have developed the unique synthesis called injection 
method. This method has led to successful synthesis of a variety of high-quality NCs 
ranging from II–VI (e.g., CdS and CdSe) and III–V (e.g., InP and InAs) to IV–VI (e.g., 
PbS and PbSe) materials.5,21-33 However synthesis of more complex semiconductor 
materials such as ternary sulfides has seldom been studied.  
Ternary compounds possess a wide variety of physical properties, including 
electroluminescent displays,34 superconductivity,35,36 and magnetic  properties,37,38 that 
are important for many scientific advancements and technological applications. 
Traditionally, high-temperature arc melting or powder metallurgy techniques have been 
used to produce ternary compounds. They generally yield thermodynamically stable 
structures and offer little control over nanostructure and morphology.39,40 Nowadays 
scientists have been exploiting this challenging field to synthesize ternary compounds at 
low temperatures and to control their size in the nanorange.41 Beside the gas-phase 
deposition methods (e.g., sputtering,42 MBE,43 MOCVD44), some solution routes, such as 
solvothermal method, 45 photochemical decomposition46 or wet chemical process47 have 
also been developed. Low-temperature solution synthesis may be more attractive because 
the solvent and the surface stabilizing agents can play a key role in kinetically trapped 
metastable phase with more complex structures and compositions.48,49 
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Although the synthesis of AgInS2 NCs has been reported in the literature,50-53 
good quality monodispersed NCs have never been achieved. Herein, we present a 
successful one-pot colloidal synthesis of high-quality NCs of AgInS2 for the first time by 
direct thermal decomposition of the single-source precursor 
[(Ph3P)2Ag(µ-SC{O}Ph-S)2In(SC{O}Ph)2], 12 in bisurfactants system (shown in Scheme 
4.1). The separation between nucleation and growth can be automatically accomplished 
in a homogeneous reaction system by adding two surfactants, such as dodecanethiol (DT, 
C12H25SH) and oleic acid (OA, C17H33COOH).54  
4.2.2 Results and discussions  
4.2.2.1 Nanocrystals synthesis experiments 
The precursor 12, [(Ph3P)2Ag(μ-SC{O}Ph-S)2In(SC{O}Ph)2], was synthesized 
according to a known literature method.55,56 TG data reveal that the precursor 
decomposes in the temperature range 175–328°C to the orthorhombic phase AgInS2. The 
precursor (mol.wt. 1296, 0.039 mmol, 50 mg) was added to a mixture of DT (C12H25SH, 
Aldrich, 1.93 mmol, 0.46 mL) and OA (C17H33COOH, Aldrich, 1.38 mL) at room 
temperature (the molar ratio of precursor  DT = 1  50 and the volume ratio of DT  
OA = 1  3). Then the reaction mixture was heated at 200°C for 2 h with gentle stirring 
under inert atmosphere. It is noted that the reaction solution has changed to a clear light 
yellow solution at ca 50°C, indicating that the precursor could be easily dissolved in 
warm DT–OA solvents. Soon a red-brown turbidity appeared as the temperature was 
further elevated to 70°C or higher, suggesting that the nucleation of AgInS2 had occurred. 
This has been proved by XRPD of the product isolated at 70°C. The precursor 
decomposed in solution at such low temperature as compared to solid-state due to the 
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reaction with the surfactants.57 After the reaction, a dark red homogenous solution was 
obtained which was allowed to cool to room temperature and then an excess EtOH was 
added to remove the by-products and the excess surfactants. Finally dark red solid was 
collected by centrifugation and dried by vacuum. This compound can be easily 
re-dispersed in non-polar solvent like toluene and hexane. 
4.2.2.2 Characterizations and condition studies of AgInS2 NCs 
A typical TEM image of AgInS2 in Figure 4.2a shows polyhedral shapes and 
narrow size distribution. A high-magnification TEM image of the NCs (see Figure 4.2b) 
clearly shows that the colloidal NCs have rather uniform size and are nanosized single 
crystals. The mean diameter of the individual NC is measured to be 13.9 ± 1.8 nm (based 
on 300 particles from the TEM image). The lattice fringes visible in the HRTEM images 
are indicative of the high crystallinity of these particles (Figure 4.2c) and the interplanar 
distance of 0.356 nm can be indexed to plane (120). The indexing of the lattice 
parameters of the SAED (shown in Figure 4.2d) was consistent with the (200), (002), 
(121), (122), (040), (123) and (322) lattice planes of orthorhombic AgInS2(JCPDS 
00-025-1328). Energy dispersive X-ray (EDX) analysis of NCs in the electron 
microscope, shown in Figure 4.3, showed the ratio of Ag, In and S is 1 1.05 2.13. A 
slightly higher ratio of sulfur may be attributed to the capping of DT. 





Figure 4.2. a) Representative TEM images of AgInS2 NCs produced at 200°C; b) and c) 
HRTEM images of the polyhedral NCs; d) SAED pattern of the NCs; e) histogram of the 
AgInS2 shown in a). 
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Figure 4.3.  EDX spectrum of AgInS2 nanoparticles 
As shown in Figure 4.4, when the ratio of DT to OA was decreased to 1  6 
(Figure 4.4a), smaller NCs (ca 8.5 ± 0.9 nm) were formed together with larger NCs (ca 
33.2 ± 5.2 nm). When the ratio of 1 : 1 is applied, the quite uniform NCs (ca 11.2 ± 1.5 
nm) was obtained (shown in Figure 4.4b) and the size distribution is quite narrow (as 
indicated by histogram in Figure 4.4f). When the ratio was increased to 2  1 (Figure 
4.4c), NCs with wide size distribution were formed. When DT alone was used as capping 
agent (Figure 4.4d), the resulting product was mainly in agglomeration. The use of OA 
only (Figure 4.4e), however, resulted in micrometer sized AgInS2. Thus a synergistic 
effect resulting from the combination of DT and OA must be responsible for the NCs 
growth.54 DT may serve as the capping ligand on the surface of AgInS2 NCs while OA 
mainly acts as the solvent since DT is a stronger ligand to AgInS2 NCs compared with 
OA. 
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Figure 4.4. TEM images of AgInS2 nanoparticles prepared at 200 oC for 2 hrs with the 
molar ratio of precursor : DT = 1 : 50 but with various volume ratio of DT to OA: (a) 1 : 
6; (b) 1 : 1; (c) 2 : 1; (d) only DT and (e) only OA; (f) histogram of the AgInS2 shown in 
(b). 
A range of temperature of 125–200°C was found to be suitable for the synthesis 
of nanoparticles with narrow size distribution. Figure 4.5a to e shows the TEM images of 
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AgInS2 NCs prepared from 215 oC to 125 oC respectively. The AgInS2 NCs obtained at 
as low temperature as 125 oC have narrow size distribution (ca 14.5 ± 2.0 nm, as 
indicated by histogram in Figure 4.5f).When the temperature was increased to 215°C or 
even higher (250°C), much bigger particles without monodispersity were formed.  
When the time duration increased from 2 h to 16 h (shown in Figure 4.6a to d), 
the size distribution has become gradually wider, which proved that Ostwald ripening 
occurred.  The mean diameter of the AgInS2 NCs obtained at 4 h is measured to be 15.3 
± 2.1 nm, as indicated in Figure 4.6e. In summary, the preferred conditions for forming 
monodispersed AgInS2 NCs were a short time period in a temperature range 125–200°C 
with a certain ratio of bisurfactants (the molar ratio of precursor  DT = 1  50 and the 
volume ratio of DT  OA = 1  3). 
In the presence of other surfactant system such as DT + trioctylphosphine oxide 
(TOPO), oleylamine (OLA) + TOPO, OLA itself and OLA + DT (shown in Figure 4.7a 
to b), the final particles have the similar polyhedral shape except that the OLA + OA case 
(Figure 4.7e), as we observe in separate experiments. The mean diameter of the AgInS2 
NCs prepared in OLA is measured to be 13.1 ± 2.1 nm, as indicated in Figure 4.7f. 
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Figure 4.5. TEM images of AgInS2 nanoparticles prepared with the molar ratio of 
precursor : DT = 1 : 50 and volume ratio of DT to OA = 1 : 3 for 2 hrs at different 
temperature: (a) 215 oC; (b) 185 oC; (c) 155 oC; (d) 140 oC (e) 125 oC; (f) histogram of 
the AgInS2 shown in (e). 
  




Figure 4.6. TEM images of AgInS2 nanoparticles prepared with the molar ratio of 
precursor : DT = 1 : 50 and volume ratio of DT to OA = 1 : 3 at 200oC for different time 
duration: (a) 4 hours; (b) 8 hours; (c) 12 hours; (d) 16 hours, (e) histogram of the AgInS2 
shown in (a). 
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Figure 4.7. TEM images of AgInS2 nanoparticles prepared at 175 oC for 12 hrs with the 
molar ratio of precursor to surfactants like (a)1 precursor : 50 DT : 50 TOPO ; (b) 1 
precursor : 50 OLA : 50 TOPO; (c) 1 precursor : 50 OLA; (d) 1 precursor : 50 OLA : 50 
DT; (e) 1 precursor : 75 OLA : 25 OA, (f) histogram of the AgInS2 shown in (c). 
A representative XRD pattern of the product is shown in Figure 4.8. It was 
synthesized by adding the precursor into a mixed solvent of DT and OA (the molar ratio 
of precursor  DT = 1  50 and the volume ratio of DT  OA = 1  3) and then the 
reaction mixture was heated at 200°C for 2 h. All the diffraction peaks can be assigned to 
the orthorhombic-phase AgInS2 reported in the literature (JCPDS 00-025-1328). It is 
known that the orthorhombic form is stable at high temperature (>620°C) while the 
tetragonal form (chalcopyrite type) is stable below 620°C.11-13,58,59 Here the metastable 
orthorhombic AgInS2 NCs were obtained even when the temperature was lowered to 
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125°C. It is believed that the surfactants adjust the chemical environment in such a way 
that metalstable phase product can be kinetically trapped. Such metastable phases of 
hexagonal wurtzite ZnS and ε-Co NCs have been trapped in this way. 60-62 
 
Figure 4.8. The typical XRPD patterns of AgInS2 NCs formed at 200 oC (top), the 
simulated diffraction patterns of orthorhombic phase AgInS2 (JCPDS 00-025-1328) 
(middle) and the simulated diffraction patterns of tetragonal phase AgInS2 (JCPDS 
00-025-1330) (bottom). 
The formation of high temperature phase of AgInS2 has also been noted by us in 
the pyrolytic decomposition of the precursors [(Ph3P)2AgIn(SCOR)4](R = Me, Ph) below 
350°C.55,56 Further evidence for the formation of AgInS2 can also be derived from the 
XPS. Three strong peaks for AgInS2 NCs at 367.4, 444.4 and 161.3 eV (shown in Figure 
4.9a to d) corresponding to Ag (3d), In (3d) and S (2p) binding energies, respectively, are 
in agreement with previously published data.52 The quantification of the peak ratio of Ag, 
In and S is 1 1.1 1.82. XPS analysis wide scan spectrum of AgInS2 nanoparticles also 
proved that there are no other impurities. 
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Figure 4.9. XPS analysis of AgInS2 nanoparticles: (a) Ag(3d); (b) In(3d); (c) S(2p); (d) 
C(1s); (e) wide scan spectrum. 
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4.2.2.3 Third order non-linear optical properties of AgInS2 NCs 
The nonlinear optical properties of the AgInS2 NCs dispersed in toluene were 
investigated by femtosecond Z-scans at wavelengths of 780 nm. To minimize average 
power and reduce accumulative thermal effects, 220 fs laser pulses at a 1 kHz repetition 
rate were employed. The laser pulses were generated by a mode-locked Ti: Sapphire laser 
(Quantronix, IMRA), which seeded a Ti: Sapphire regenerative amplifier (Quantronix, 
Titan). The laser pulses were focused onto a 1 mm-thick quartz cuvette which contained 
the AgInS2 solution with a minimum beam waist of 12 µm. By adding toluene to the 
AgInS2 NCs solution, the linear transmittance of the solution was adjusted to be 50% at 
780 nm. The incident and transmitted laser powers were monitored as the cuvette was 
moved (or Z-scanned) along the propagation direction of the laser pulses. 
Figure 4.10a and b display typical open- and closed-aperture Z-scans carried out 
with the same irradiance of 60.0 GW·cm–2 at the same wavelength of 780 nm, showing 
positive and negative signs for the absorptive and refractive nonlinearities, respectively. 
We attribute this negativity to a nonlinear refractive index as self-defocusing effect while 
the positive sign of nonlinear absorption coefficient is due to two photons absorption. The 
intensity independence of the Z-scans show pure third-order nonlinear processes for the 
observed nonlinearities. Therefore, the nonlinear absorption and refraction can be 
described by ∆α = βI, and ∆n = n2I, where β and n2 are the nonlinear absorption 
coefficient and nonlinear refractive index, respectively, and I is the light intensity. Both β 
and n2 values can be extracted from the best fitting between the Z-scan theory and the 
data.63 The following relationships βNC and n2NC were assembled for 
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βNC β/(|f|4Vf)                                                     ······ (4.1) 
n2NC (n2–(1 –Vf)n2sol)/(|f|4Vf)                                         ······ (4.2) 
where βNC is the nonlinear absorption coefficient of NCs, n2NC is the nonlinear 
refractive index of NCs, n2sol is the nonlinear refractive index of toluene, f is the local 
field factor, and Vf is the volume fraction of NCs relative to toluene. 
   
Figure 4.10. (a) Open- and (b) closed-aperture Z-scan results of AgInS2 NCs performed 
at the same wavelength of 780 nm and irradiance of 60.0 GW·cm–2. The volume fraction 
of AgInS2 NCs in toluene is 1.81 × 10–4. The solid lines are the best fits using the Z-scan 
theory.63 
The AgInS2 NCs possess the highest nonlinear absorption, with βNC = 3867 
cm·GW–1, or Im(χ (3)) = 8.2 × 10–9 esu, which is about the same order as that for a Ag 
nanocomposite silica thin film, measured at 532 nm using a pulsed Nd YAG laser with 5 
ns pulse duration and a repetition rate of 10 Hz.64 We attribute this nonlinear absorption 
to the resonance with the two-photon energy of the laser pulses of 3.18 eV. Unfortunately, 
theoretical values of the two photon absorption for AgInS2 NCs are not available from the 
literature. However, the two-photon absorption cross sections of 10–46 cm3 s have been 
calculated for two-photon-allowed transitions in CdSe NCs of 2.9 nm diameter.65 For 
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comparison, our data show that the two-photon absorption cross sections are in the range 
from 10–46 cm3 s for the AgInS2 NCs. 
Similarly, the n2NC( = –6.6 × 10–2 cm2·GW–1, or Re(χ (3)) = –7.3 × 10–9 esu) 
calculated by eliminating the n2 value of toluene ( = 1.1 × 10–6 cm2·GW–1 or Re(χ (3)) = 8 
× 10–13 esu) is also found in the the AgInS2 NCs, about three times larger than that 
measured by Zhou et al. on the silver NCs–bismuth oxide (Ag Bi2O3) composite thin 
films at 800 µm.66 Such a difference is anticipated due to the following reasons: (1) the 
dispersion of the nonlinear refraction, in particular, our measured value is due to a 
self-defocusing effect; (2) different size and volume fraction, in particular, Zhou's result 
was obtained from Ag Bi2O3 nanocomposites of larger sizes (50 nm), in which χ(3) should 
be expected to approach to the bulk value; and (3) different composite materials. 
4.2.3 Conclusions 
In summary, we have successfully employed one-pot synthesis to prepare high 
quality AgInS2 NCs. Such colloidal ternary chalcogenide NCs are rare67 and the majority 
of one-pot synthetic efforts are directed to binary NCs only. It is worth noting that both 
the NCs and bulk AgInS2 obtained using this precursor belong to high temperature 
orthorhombic phase. Further, a combination of suitable capping agents is probably 
necessary to obtain high quality monodispersed NCs. Toluene-soluble AgInS2 NCs have 
paved the way for the measurement of the optical properties. Large optical nonlinearities 
in the soluble AgInS2 NCs have been observed using 780 nm, 220 fs laser pulses. The 
third-order susceptibility, of AgInS2 NCs is 1.1 × 10–8 esu. 
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4.3 Preparation of silver indium sulfide nanocrystals from dual- and multiple-source 
precursors  
 
Scheme 4.2 AgInS2 NCs from [Ag (SC{O}Ph)], 13 and [In(2,2’-bipy)(SC{O}Ph)3], 15 
In this section, our interest in AgInS2 system prompted us to explore the diverse 
ways to synthesize the AgInS2 NCs. We have presented one-pot colloidal synthesis of 
high-quality NCs of AgInS2 by direct thermal decomposition of the single-source 
precursor [(Ph3P)2AgIn(SC{O}Ph)4], 12 in bisurfactants system.68 In order to expand the 
synthetic methodology of AgInS2 for device application, we have now investigated dual- 
and multiple-source methods using a number of simple inorganic compounds (shown in 
Scheme 4.2). Other reaction parameters such as surfactants, surfactant ratio, temperature 
and time duration, have been optimized to get better quality NCs. In all these reactions, a 
heterobimetallic thiobenzoate intermediate similar to the single-source precursor, 12, has 
been proposed to have formed which decompose subsequently to AgInS2 NCs. The 
details are discussed in the following parts. 
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4.3.1 Results and discussions  
The metal thiocarboxylates synthesized in our lab shown in Scheme 4.3 were used 
to make AgInS2 NCs. In a typical one-pot synthesis, the precursor 13 and 15 in 1 : 1 
molar ratio were added to DT and OA and the contes were heated to 125 – 250 oC for a 
fixed number of hours. The solution was then cooled down and excess of EtOH was 
added to precipitate the product and dried in vacuum. These samples were further used 

































12 14 15  
Scheme 4.3 Molecular structure diagrams of 12, 14 and 15 
4.3.1.1 Characterizations of AgInS2 NCs under various conditions 
As-synthesized AgInS2 NCs from precursors, 13 and 15, were characterized by 
TEM, as shown in Figure 4.11.  Figure 4.11a reveals that NCs are in polyhedral shapes 
and narrow size distribution (see histogram in Figure 4.11d, which are comparable with 
AgInS2 NCs by single-source method.68 The mean diameter of the individual NCs is 
measured to be 10.9 ± 1.3 nm (based on 300 particles from the TEM image). The clear 
lattice fringes of NCs in Figure 4.11b show that individual NCs are single crystals. The 
width of 0.356 nm from neighboring lattice fringes corresponds to plane (120) of AgInS2. 
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The strong ring patterns from SAED given in Figure 4.11c can be well indexed to the 
orthorhombic phase AgInS2 (JCPDS 00-025-1328). The XRPD data is given in spectra of 
Figure 4.12a. EDX analysis of NCs in the electron microscope showed the ratio of Ag, In 
and S is 1 : 1.05 : 2.18 (shown in Figure 4.13). The morphology and quality of NCs are 
very similar to that obtained from 12.68 
  
  
Figure 4.11. (a) TEM images of AgInS2 NCs produced from 13 and 15 in DT and OA at 
200 oC for 2 h (the molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 
1 : 3); (b) HRTEM images (c) SAED pattern and (d) histogram of the AgInS2 NCs. 
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Figure 4.12. Typical XRPD patterns of AgInS2 prepared from (a) 13 and 15 in DT and 
OA at 200 oC for 2 h (the molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : 
OA = 1 : 3); (b) 13 and [Et3NH][In(SC{O}Ph)4], 14; (c) (PPh3)2AgCl, InCl3, PhCOSH 
and NaOH; (d) (PPh3)2AgCl, InCl3 and PhCOSH; (e) AgCl, InCl3 and S in OLA; (f) AgCl, 
InCl3 and thiourea in OLA. The experimental conditions for (b)-(f) are other wise similar 
to that for (a). Where * represent the peak of Ag (JCPDS 00-001-1167) and # represent 
the peak of Ag2S (JCPDS 00-009-0422). 
 
Figure 4.13.  EDX spectrum of AgInS2 nanoparticles 
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4.3.1.2 Formation of heterobimetallic precursor by dual & multiple sources 
XRPD patterns of AgInS2 NCs prepared by dual and multiple sources are 
shown in Figure 4.12 and corresponding TEM images are shown in Figure 4.14.  
Figure 4.12a shows the XRPD patterns of AgInS2 NCs prepared from 13 and 15 in DT 
and OA at 200 oC for 2 h. All the observed peaks can be indexed to an orthorhombic 
phase of AgInS2 (JCPDS 00-025-1328). Peaks are slightly broadened with decreasing 
NCs size. Whereas Figure 4.12b shows the XRPD patterns of AgInS2 NCs prepared 
from 13 and [Et3NH][In(SC{O}Ph)4], 14.  It clearly shows pure orthorhombic phase 
AgInS2 NCs. The TEM image of these NCs as shown in Figure 4.14a reveals that the 
nanosize particles have been agglomerated. The ionic precursor 14 may have affected 
the capping of surfactant on the formed NCs. We proposed that the dual- or 
multiple-source precursors formed an intermediate similar to the single molecular 
precursor 12 and then decomposed to corresponding AgInS2 NCs. However Qian et. 
al.53 have proposed that nucleophilic attack by ethylenediamine (EDA) at the thione 
carbon atoms of metal diethyldithiocarbamates generates inorganic cores [InS1.5] and 
[Cu2S2], and then they combine stoichiometrically with each other producing CuInS2 
grains.  
The dual-source method has prompted us to widen the synthetic route to 
multiple-source method. Experimental results have shown that when mixtures of 
(PPh3)2AgCl, InCl3, PhCOSH and NaOH were heated with bi-surfactants AgInS2 NCs 
were obtained as major product. Ag was the impurity according to the XRPD pattern 
as shown in Figure 4.12c. Small amount of Ag may come from direct decomposition 
of (PPh3)2AgCl. Figure 4.14b has shown that the obtained NCs have the diameter, 
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18.0 ± 2.7 nm. On the contrary, mixtures of (PPh3)2AgCl, InCl3 and PhCOSH without 
NaOH can only produce bulk AgInS2 with Ag2S impurity (XRPD pattern in Figure 
4.12d). It is presumed that in the absence of NaOH, both Cl- and PhCOS- may 
compete to bridge Ag to form some ‘[(Ph3P)2Ag(μ-Clx)(μ-SCOPh)2-xIn(SC{O}Ph)2]’ 
which can easily dissociate [(Ph3P)2Ag(SC{O}Ph)] and decompose to Ag2S thus 
account for Ag2S as impurity. On the other hand facile formation of the 
heterobimetallic thobenzoate intermediate similar to 12 can easily be formed from the 
precursors [In(2, 2’-bipy)(SC{O}Ph)3] or [Et3NH][In(SC{O}Ph)4 and [Ag(SC{O}Ph)] 
at the first stage of reaction compared to the multiple-source methods. 
  
  
Figure 4.14. Typical TEM images of AgInS2 NCs prepared in DT and OA at 200 oC for 2 
h (the molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3) from (a) 
13 and 14; (b) (PPh3)2AgCl, InCl3, PhCOSH and NaOH; (c) AgCl, InCl3 and S in OLA; 
(d) AgCl, InCl3 and thiourea in OLA. 
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According to the papers published by Qian et al., mixture of In(S2CNEt2)3 and 
Cu(S2CNEt2)2 or Ag(S2CNEt2) have been used for CuInS2 and AgInS2 nanorods by 
solvothermal process.53 This group has also developed the solvothermal synthesis of 
AgGaS2 and AgInS2 using AgCl, Ga (or In) and S as the reactants51 and hydrothermal 
synthesis of AgInS2 by using AgCl, InCl3, and thiourea as starting materials.52 while our 
results show that under atmospheric pressure, a mixture of AgCl, InCl3 and S was heated 
with OLA to produce AgInS2 NCs as well as Ag2S impurity (Figure 4.12e). Figure 4.14c 
has shown that the obtained NCs are more in spherical shape with diameter, 22.0 ± 2.9 
nm. When AgCl, InCl3, and thiourea were mixed under similar experimental conditions, 
major product is AgInS2 NCs with Ag impurity (Figure 4.12f). Figure 4.14d has shown 
that the obtained NCs have the diameter, 32.1 ± 3.5 nm. On the contrary the bisurfactants 
(DT and OA) was employed for this multi source synthesis, deep yellow suspension with 
black precipitate was obtained and XRPD results show that this product contained 
unknown mixture such as silver sulfide and S etc. There is no AgInS2 formed in this 
reaction. Obviously OLA has played a key role in this synthesis. It was found that amine 
could lower reaction temperature and facilitate the formation of nanoparticles.67 In 
conclusion, among all above dual-source or multiple-source methods, 13 and 15 are the 
best combination to synthesize AgInS2 NCs. 
4.3.1.3 Effect of surfactants on the formation of AgInS2 NCs and optimization 
conditions 
Guided by these results, [In(2, 2’-bipy)(SC{O}Ph)3] and [Ag(SC{O}Ph)] have 
been chosen to prepare AgInS2 NCs and the effect of reaction condition on the size and 
morphology of NCs have been investigated. When the ratio of DT to OA was varied from 
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2 : 1 to 1 : 1, 1 : 3 and 1 : 6, there is no obvious effect on the size and morphology of 
abtained AgInS2 NCs (shown in Figure 4.15a to d). However it is noticed that 1 : 3 ratio 
is the optimized condition based on the TEM images for monodispersed NCs. 
  
  
Figure 4.15. TEM images of AgInS2 nanoparticles prepared from 13 and 15 at 200 oC for 
2 hrs with the molar ratio of precursor : DT = 1 : 50 but with various volume ratio of DT 
to OA: (a) 2 : 1; (b) 1 : 1; (c) 1 : 3; (d)1 : 6. 
When DT alone was used as capping agent, AgInS2 NCs with diameter, 8.4 ± 1.2 
nm were formed, which are different from agglomerated product obtained from 12.68 The 
AgInS2 NCs prepared by the above two different methods is shown in Figure 4.16a and 
Figure 4.4d. They indicate that dual-source method does not rely on the bisurfactant 
system so much as compared to the single-source precursor method. The use of OA alone 
in both cases, however, resulted in micrometer sized AgInS2 (Figure 4.16b and Figure 
4.4e). The production of AgInS2 NCs in both the cases differed from each other when 
reaction temperature was as high as 250 oC. The AgInS2 NCs prepared from 12 at 250 oC 
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were in polyhedral shape with wider size distribution (Figure 4.16c) while the NCs 
prepared from 13 and 15 at 250 oC were in irregular shape with size of 11.4 ± 3.7 nm 
(Figure 4.16d).  These results infer that product prepared from 12 at 250 oC may have 
undergone ostward ripening. The larger NCs (44.4 ± 8.4 nm) formed when many small 
NCs (12.0 ± 2.6 nm) dissolved back and slowly disappeared. The small NCs may 
disappear completely if prolonging the reaction time (> 2h). However the NCs prepared 
from 13 and 15 at 250 oC seem to be kinetically trapped product. It may be due to the 
two-step formation of AgInS2 NCs from the dual-source precursors system. For all the 
samples discussed above, the XRPD patterns in Figure 4.17 showed that all the products 
are orthorhombic phase AgInS2 (JCPDS 00-025-1328). 
  
  
Figure 4.16. TEM images of AgInS2 NCs prepared from (a) 13 and 15 in DT; (b) 13 and 
15 in OA at 200oC for 2 h (the molar ratio of precursor : surfactant = 1 : 50); (c) 12 in DT 
and OA at 250oC for 2 h (the molar ratio of precursor : DT = 1 : 50; the volume ratio of 
DT : OA = 1 : 3); (d) 13 and 15 in DT and OA at 250oC for 2 h. 
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Figure 4.17. Typical XRPD patterns of AgInS2 prepared from (a) 13 and 15 in DT at 
200oC for 2 h (the molar ratio of precursor : DT = 1 : 50); (b) 13 and 15 in OA at 200oC 
for 2 h (the molar ratio of precursor : OA = 1 : 50); (c) 12 in DT and OA at 250oC for 2 h 
(the molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3); (d) 13 
and 15 in DT and OA at 250oC for 2 h.  
It is found that AgInS2 nanoparticles with narrow size distribution can be obtained 
at temperature from 125 to 215°C (shown in Figure 4.18a to e respectively). It is noticed 
that samples prepared at 155°C and 215°C are much more uniform than other low 
temperatures. The mean diameter of the AgInS2 NCs prepared at 215°C is measured to be 
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Figure 4.18. TEM images of AgInS2 NCs prepared from 13 and 15 in DT and OA with 
the molar ratio of precursor : DT = 1 : 50 and volume ratio of DT to OA = 1 : 3 for 2 hrs 
at different temperature: (a) 125oC; (b) 140oC; (c) 155oC; (d) 185oC (e) 215oC, (f) 
histogram of AgInS2 NCs shown in Figure 4.18e. 
When the time duration of the reaction varies from 2 to 12 h, there is no change in 
the size or shape of the AgInS2 NCs formed except NCs prepared for 16h have poor 
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quality. Figure 4.19a to d shows the AgInS2 NCs prepared for 4h to 16h respectively. The 
mean diameter of the AgInS2 NCs prepared for 4 h is measured to be 9.6 ± 1.6 nm, as 
indicated in Figure 4.19e. Based on the above condition study of this system, good 
quality AgInS2 NCs can be obtained from 13 and 15 in DT and OA with the molar ratio of 




Figure 4.19. TEM images of AgInS2 NCs prepared from 13 and 15 in DT and OA with 
the molar ratio of precursor : DT = 1 : 50 and volume ratio of DT to OA = 1 : 3 at 200oC 
for different time duration (a) 4h; (b) 8h; (c) 12h; (d) 16h, (e) histogram of the AgInS2 
NCs shown in Figure 4.19a. 
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In the presence of other surfactant system such as DT + TOPO, OLA + TOPO, 
OLA + DT, OLA + OA, OLA, and HDA + TOPO, the final particles have the similar 
polyhedral shape, as we observed in separate experiments. It was found that when 
long-chain amine was used as capping agent, smaller size particles have been obtained. 
The TEM images are displayed in Figure 4.20. The XRPD patterns (in Figure 4.21) show 
that all the products are orthorhombic phase AgInS2 (JCPDS 00-025-1328). 
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Figure 4.20. Typical TEM images of AgInS2 NCs prepared from 13 and 15 at 200 oC for 
2 h (the molar ratio of precursor : surfactant = 1 : 50 : 50) in (a) DT + TOPO (20.5 ± 5.6 
nm); (b) OLA + TOPO (13.7 ± 3.0 nm); (c) OLA+ DT (8.3 ± 0.9 nm); (d) OLA + OA 
(16.5 ± 4.8 nm); (e) OLA (14.1 ± 1.2 nm); (f) HDA + TOPO (12.0 ± 1.7 nm). 
 
Figure 4.21. Typical XRPD patterns of AgInS2 NCs prepared from 13 and 15 at 200 oC 
for 2 h (the molar ratio of precursor : surfactant = 1 : 50 : 50) in (a) DT + TOPO; (b) OLA 
+ TOPO; (c) OLA+ DT; (d) OLA + OA; (e) OLA; (f) HDA + TOPO. 
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4.3.2 Conclusions 
In summary, we have successfully synthesized high-quality NCs of AgInS2 
from dual-source precursors [In(2, 2’-bipy)(SC{O}Ph)3] or [Et3NH][In(SC{O}Ph)4], 
and  [Ag(SC{O}Ph)]. The synthetic routes to the ternary system have been extended 
and the quality of AgInS2 NCs obtained from dual- or multiple-source methods has 
been compared. In other words, low temperature synthetic routs for AgInS2 NCs has 
been successfully employed and size control has been accomplished by using dual- 
and multi-source precursors. All these NCs can be dispersed freely in toluene, 
choloroform or hexane, which make it suitable for investigating its physical properties 
in solution. In all the dual- and multiple-source methods, a heterobimetallic 
thiobenzoate intermediate similar to the single molecular precursor 12 is proposed to 
have formed and decompose to AgInS2 NCs. 
4.3.3 Experimental 
4.3.3.1 Synthesis of precursors  
All the solvents and chemicals, unless stated otherwise, were commercially 
available and used as received. [Ag(SC{O}Ph)], 13, [Et3NH][In(SC{O}Ph)4], 14, and 
(PPh3)2AgCl were synthesized according to reported methods.69-71 
[In(2,2’-bipy)(SC{O}Ph)3], 15, was synthesized as follows: sodium thiobenzoate, 
PhC{O}S–Na+, was obtained by reacting NaOH (0.06 g, 1.5 mmol) with 176 µL of 
PhC{O}SH in 15 mL of EtOH. To this clear yellow solution, 2,2’-bipyridine (2,2’-bipy, 
0.08 g, 0.5 mmol) and then InCl3 (0.11 g, 0.5 mmol) in 10 mL of EtOH were added. A 
creamy yellow precipitate was formed and the contents were stirred for 30 min. Light 
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yellow [In(2,2’-bipy)(SC{O}Ph)3], 15, was separated by filtration and the product was 
rinsed with EtOH, H2O and dried in vacuo. Yield: 0.28 g (83%). Anal. Calcd. for 
[In(2,2’-bipy)(SC{O}Ph)3] (mol. wt. 682.55): C, 54.55; H, 3.40; N, 4.10; S, 14.09. Found: 
C, 54.04; H, 3.51; N, 4.01; S, 14.19. 1H NMR (δ, CDCl3): for 2, 2’-bipy: 7.62–7.66 (2H, 
4, 4’), 8.25–8.28 (2H, 6, 6’), 9.48–9.50 (2H, 3, 3’); for thiobenzoate anion: 7.26–7.32 (6H, 
m), 7.40–7.44 (3H, p), 8.04–8.11 (8H, overlapped with 6H from o of thiobenzoic ligand 
and 2H from 5,5’of 2, 2’-bipy). 13C{1H} NMR (δ, CDCl3): for thiobenzoate anion: 128.0 
(C2/6 or C3/5), 128.9 (C2/6 or C3/5), 139.9 (C4), 143.5 (C1); for 2,2’-bipy: 121.4 (6,6’), 
126.6 (4,4’), 132.3 (5,5’), 149.1 (3,3’), 156.5 (1,1’). 
4.3.3.2 Synthesis of nanocrystals  
The precursors [Ag(SC{O}Ph)], 13, (13 mg, 0.051 mmol) and [In(2, 
2’-bipy)(SC{O}Ph)3], 15, (35 mg, 0.051 mmol) were added to DT (C12H25SH, Aldrich, 
2.55 mmol, 0.61 mL) and OA (C17H33COOH, Aldrich, 1.83 mL) at room temperature 
(molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3) and the 
contents were heated at 200°C for 2 h with gentle stirring under nitrogen atmosphere. The 
solution was cooled to ~ 70°C and then an excess of EtOH was added, and a dark red 
flocculent precipitate was formed which was separated by centrifugation, washed with 
EtOH and dried in vacuo. This can be easily redispersed in solvents such as toluene, 
chloroform and hexane. For multiple-source methods, a similar synthetic strategy was 
applied. 
For Figure 4.12a sample: 
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The precursors [Ag(SC{O}Ph)], 13, (13 mg, 0.051 mmol) and [In(2, 
2’-bipy)(SC{O}Ph)3], 14, (35 mg, 0.051 mmol) were added to DT (C12H25SH, Aldrich, 
2.55 mmol, 0.61 mL) and OA (C17H33COOH, Aldrich, 1.83 mL) at room temperature 
(the molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3) and 
the contents were heated at 200 oC for 2 h with gentle stirring under nitrogen 
atmosphere. The solution was cooled to ~ 70oC and then an excess of EtOH was added, 
and a dark red flocculent precipitate was formed. The black solid was separated by 
centrifugation, washed with EtOH and dried in vacuo. This can be easily redispersed 
in non-polar solvent like toluene, chloroform and hexane. For multiple-source method, 
similar synthetic strategy was applied.  
For Figure 4.12b sample: 
The precursors [Ag(SC{O}Ph)], 13 (13 mg, 0.051 mmol) and 
[Et3NH][In(SC{O}Ph)4], 15 (39 mg, 0.051 mmol) were added to DT (C12H25SH, Aldrich, 
2.55 mmol, 0.61 mL) and OA (C17H33COOH, Aldrich, 1.83 mL) at room temperature (the 
molar ratio of precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3) and the 
contents were heated at 200 oC for 2 h with gentle stirring under nitrogen atmosphere. 
The solution was cooled to ~ 70oC and then an excess of EtOH was added, and a 
flocculent precipitate was formed. The black solid was separated by centrifugation, 
washed with EtOH and dried by vacuum. 
For Figure 4.12c sample: 
(PPh3)2AgCl, (34 mg, 0.051 mmol), InCl3, (11 mg, 0.051 mmol), PhCOSH (24 μl, 
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0.204 mmol) and NaOH (8 mg, 0.204 mmol) were mixed for 30 mins and then added to 
DT (2.55 mmol, 0.61 mL) and OA (1.83 mL) at room temperature (the molar ratio of 
precursor : DT = 1 : 50; the volume ratio of DT : OA = 1 : 3) and the contents were 
heated at 200 oC for 2 h with gentle stirring under nitrogen atmosphere. And final product 
was isolated as described above. 
For Figure 4.12d sample: 
(PPh3)2AgCl, (34 mg, 0.051 mmol), InCl3, (11 mg, 0.051 mmol) and PhCOSH (24 
μl, 0.204 mmol) were mixed for 30 mins and then added to DT (2.55 mmol, 0.61 mL) 
and OA (1.83 mL) at room temperature (the molar ratio of precursor : DT = 1 : 50; the 
volume ratio of DT : OA = 1 : 3) and the contents were heated at 200 oC for 2 h with 
gentle stirring under nitrogen atmosphere. And final product was isolated as described 
above. 
For Figure 4.12e sample: 
AgCl, (7 mg, 0.051 mmol), InCl3, (11 mg, 0.051 mmol) and S (3.3 mg, 0.102 
mmol) were added to OLA (2.55 mmol, 0.61 mL) at room temperature (the molar ratio of 
precursor : OLA = 1 : 50) and the contents were heated at 200 oC for 2 h with gentle 
stirring under nitrogen atmosphere. And final product was isolated as described above. 
For Figure 4.12f sample: 
AgCl, (7 mg, 0.051 mmol), InCl3, (11 mg, 0.051 mmol) and thiourea (39 mg, 
0.151 mmol) were added to OLA (2.55 mmol, 0.61 mL) at room temperature (the molar 
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ratio of precursor : OLA = 1 : 50) and the contents were heated at 200 oC for 2 h with 
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4.4 Morphology-Controlled Synthesis of Bi2S3 Nanomaterials via Single- and 
Multiple-Source Approaches  
Bi2S3 nanomaterials of various morphologies, including nanorods, dandelion-like 
nanostructures, nanoleaves, nanoflowers and nanocabbages were successfully 
synthesized from single-source precursor Bi(SCOPh)3, 16 or multiple-source precursors 
by using colloidal solution method or hydrothermal method. The interplay of factors 
which influenced the morphologies and sizes of the nanomaterials were studied. The 
possible reasons for the formation of Bi2S3 nanomaterials are proposed. 
 
Scheme 4.4 Bi2S3 nanomaterials with various morphologies 
4.4.1 Background of Bismuth sulfide NCs 
Binary metal chalcogenides A2VE3VI (A = As, Sb, Bi; E = S, Se, Te) have drawn 
extensive attention because they are important class of semiconductors with numerous 
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applications including photoconducting targets of television cameras,72,73 electronic and 
optoelectronic devices,74,75 thermoelectric devices,76,77 and FT-IR spectroscopy.78 In 
particular, bismuth sulfide (Bi2S3) is a direct band-gap material with Eg = 1.3 eV and 
suitable for application in photovoltaic converters79 and thermoelectric cooling 
technologies based on Peltier effect.77 Its forbidden band gap between 1.25 and 1.7 eV 
allows its macrocrystalline thin films to be employed in related electronic devices.80 
Meanwhile, due to its quantum size effects, its nanocrystalline films have been found to 
alter the performance of photochemical cells significantly.81 Recently Bi2S3 nanoparticles 
have found new applications as imaging agents in X-ray computed tomography.82 All 
these applications fuel the research into synthesizing Bi2S3 nanomaterials. 
1D Bi2S3 nanomaterials such as nanorods,83-87 nanowires,83,88-91 and nanoribbons92 
have been made by microwave-assisted synthesis,85 protein-assisted synthesis,88 
solventless reaction,83,89 and hydrothermal or solvothermal method. 86,87,90-92 More 
complicated morphologies of Bi2S3 such as radiating acicular crystallites,93 nanofabric,83 
nanoflowers,94-96 sheaf nanostructures95 and snowflakes97 have been made by thermal 
decomposition of single source precursor,93,98 biomolecule-assisted synthesis,94,97 
colloidal solution method,95 and ionic liguid solution.96  Ding et al. have demonstrated 
microsphere organization of Bi2S3 nanorods directed by PEG linear polymer.99 Srivastava 
et al. have coated the Bi2S3 nanorods with polypyrrole (PPy) to prepare a material with 
hybrid core-shell structure.100 
In this section, Bi2S3 nanomaterials with a variety of morphologies, including 
nanorods, dandelion-like nanostructures, nanoleaves, nanoflowers and nanocabages have 
been achieved by one simple, effective and reproducible synthesis route without any solid 
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templates or complicated procedures (shown in Scheme 4.4). In this synthetic route, 
single-source precursor, [Bi(SCOPh)3], has been used for the first time to generate Bi2S3 
nanomaterials with 1D or other complex morphologies. We have also extended this work 
to multiple-source precursors by using hydrothermal method. The possible mechanisms 
have been proposed.  
4.4.2 Results and discussions  
4.4.2.1 Synthesis of nanomaterials 
In a typical synthesis of the Bi2S3 nanorods, the precursor 16 (50 mg, 0.081 mmol) 
was added to DT (C12H25SH, Aldrich, 4.03 mmol, 0.97 mL) and TOPO ([CH3(CH2)7]3PO, 
Aldrich, 4.03 mmol, 1.56 g) at room temperature (the molar ratio of precursor : DT : 
TOPO = 1 : 50 : 50) and the contents were heated at 150 oC for 1 h with gentle stirring 
under nitrogen atmosphere. The formation of the Bi2S3 nanomaterials can be followed by 
the color change of reaction contents — from light yellow to black. Then the solution was 
cooled to ~ 70oC and then an excess of EtOH was added, and a black flocculent 
precipitate was formed. The black solid was separated by centrifugation, washed with 
EtOH and dried by vacuum. The precipitate can be redispersed in organic solvents such 
as toluene and hexane with the aid of sonification. Bi2S3 nanostructures with different 
morphologies or surface features were obtained by varying synthetic parameters such as 
precursors, surfactants and methods. 
Synthesis of Bi2S3 dandelion-like nanostructures: the precursor 16 (50 mg, 
0.081 mmol) was added to PVP (Aldrich, 90 mg) and 6 mL EG at room temperature 
(the molar ratio of precursor : PVP repeating unit = 1 : 10) and the contents were 
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heated at 150 oC for 1 h. The black solid was separated by centrifugation, washed with 
H2O and proponal and dried by vacuum. 
Synthesis of Bi2S3 nanoleaves: the precursor 16 (50 mg, 0.081 mmol) was 
added to cysteine (Aldrich, 98 mg) and 20 mL H2O at room temperature (the molar 
ratio of precursor : cysteine = 1 : 10) and the contents were refluxed for 1 h. The 
following procedure was similar like synthesis of dandelion-like nanostructures. 
Synthesis of Bi2S3 nanoflowers: Bi(NO3)3·5H2O (Merck, 74 mg, 0.152 mmol) 
cysteine (Aldrich, 0.24 g) and NaOH (Merck, 18 mg) was added to 15 mL H2O and 
the mixture was dispersed under vigerous stirring and then transferred into a 30 mL 
Teflon-lined autoclave. The autocalve was sealed and maintained at 150 oC for 3.5 h. 
The following procedure was similar like synthesis of dandelion-like nanostructures. 
Synthesis of Bi2S3 nanocabbages: the reaction was very similar to synthesis of 
Bi2S3 nanoflowers except that 0.06 g cysteine was used and 0.1 mL EDA was added.  
4.4.2.2 Nanorods  
In our synthesis, the reaction between precursor, 16, DT and TOPO generated 
Bi2S3 nanorods. Figure 4.22a and b show a typical TEM image of Bi2S3 nanorods. They 
have an average diameter of 21.3 ± 2.6 nm and length of 300 ± 30 nm. The average 
aspect ratio of the synthesized nanorods is 14.1 ± 2.4 nm. Figure 4.22c shows the 
HRTEM image of Bi2S3 nanorods and the clear lattice fringes indicates that each nanorod 
is single crystalline nature. The width of 0.504 nm from the neighboring lattice fringes 
corresponds to plane (120) of Bi2S3. Figure 4.22d confirms that these nanorods are pure 
crystalline Bi2S3 phase and the electron pattern is consistent with XRPD pattern results 
shown in Figure 4.23a. EDX analysis of NCs in the electron microscope showed the ratio 
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of Bi and S is 2.1 : 3.0 (shown in Figure 4.24). As shown in Figure 4.25, the Bi2S3 
nanorods prepared at different time duration, from 15 mins to 120 mins, have indicated 
the time dependent trend. The average diameter increased from 20.8 ± 4.4 nm to 31.3 ± 
6.1 nm and the length increased from 297.5 ± 32.0 nm to 357.1 ± 45.1 nm. When DT was 
used as surfactant, the Bi2S3 nanorods can also be obtained. When TOPO was used as 
surfactant, the Bi2S3 nanocrystals were agglomerated.  
  
  
Figure 4.22. (a) and (b) typical TEM images of Bi2S3 nanorods; (c) HRTEM image; (d) 
SAED pattern.  
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Figure 4.23.  typical XRPD patterns of (a) Figure 4.22 samples; (b) Figure 4.26 samples; 
(c) Figure 4.28 samples; (d) Figure 4.30a and b samples; (e) Figure 4.30c and d samples; 
(f) Figure 4.31a and b samples. 
 
Figure 4.24. Typical EDX spectrum of obtained Bi2S3 nanorods. 




Figure 4.25. TEM images of Bi2S3 nanorods prepared at DT and OA from precursor 16 at 
150 oC for (a) 15 mins; (b) 60 mins; (c) 90 mins; (d) 120 mins. 
When the surfactant changed from DT and TOPO to DT and OLA, Bi2S3 
nanorods with groove have formed. Figure 4.26a and b show the TEM images of Bi2S3 
nanorods with groove. They have an average length of 411 ± 38 nm and the average 
diameter of these nanorods is not available because they agglomerate to bundle. When 
zooming in, the groove has been shown very clearly in Figure 4.26c and each nanorod is 
also single crystalline nature. The width of 0.353 nm from neighboring lattice fringes 
corresponds to plane (310) of Bi2S3 nanorods. Figure 4.26d confirms that these nanorods 
are pure crystalline Bi2S3 phase and the electron diffraction pattern is consistent with 
XRPD pattern results shown in Figure 4.23b. The groove may be the uneven surface of 
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Bi2S3 nanorods or due to the structure defect of nanorods. The OLA might have played a 
key role in making groove on the surface of Bi2S3 nanorods. Actually when OLA alone 
was used as surfactant, Bi2S3 nanostructures with etched surface have formed (shown in 
Figure 4.26e). The etching effect of OLA may be due to its corrosive nature. It was 
reported that organic amines have been used for etching purposes.101 
Bi2S3 has the tendency to form nanorods easily due to the inherent Bi–S chain 
type structure and this has been widely accepted. This unique structural features make 
crystals rapidly grow along one direction under certain conditions and it may give rise to 
1D nanostructure.102 We believed that DT plays a major role in the 1D morphology 
formation since the thiol group, having stronger capping ability, will then dominant and 
control the growth of nanocrystals.103 TOPO is known as relatively weak capping agent 
but normally forms a relatively stable complex with initial precursors. Thus TOPO will 
make nucleation process slow and the growth process fast. With the existence of TOPO, 
the lack of efficient kinetic drive makes isotropic growth more favorable. On the other 
hand, OLA is much stronger capping agent compared to TOPO and it will not form 
complex with the precursor. The kinetic drive provided in DT and OLA solvent system 
promotes anisotropic growth of Bi2S3 nanomaterials.104 Therefore, the length of nanorods 
prepared from DT and OLA (411 ± 38 nm) has increased compared to the case of DT and 
TOPO (300 ± 30 nm). 
 





Figure 4.26. (a) and (b) typical TEM images of Bi2S3 nanorods with groove. (c) HRTEM 
image; (d) SAED pattern; (e) Bi2S3 nanostructure with etched surface prepared from 
precursor 16, Bi(SCOPh)3 with OLA at 150 oC for 1h. 
When precursor 16 was decomposed under reflux of the EG as both the capping 
agent and the solvent, the crystalline Bi2S3 nanorods were obtained (shown in Figure 
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4.27). Under reflux at inert-atmospheric conditions, use of 10 mL EG gave nanorods with 
20-50 nm while use of 15 mL EG generated nanorods with 35-60 nm in diameter. When 
the volume of EG was increased to 20 mL, the size distribution became bigger and some 
products even grow to micro-scale range. 
  
 
Figure 4.27. SEM images of Bi2S3 nanorods prepared from precursor 16, Bi(SCOPh)3 
with (a) 10 mL EG; (b) 15 mL EG; (c) 20 mL EG under reflux for 1h. 
4.4.2.3 Dandelion like nanostructures 
When the surfactant and solvent changed to PVP and EG, deandeline-shaped 
Bi2S3 nanostructures were obtained. Figure 4.28a shows a typical TEM image of such 
Bi2S3 nanostructure. The individual nanobranch has an average diameter of 45 ± 11 nm 
and length of 511 ± 108 nm. The multiple branch dandelion-like nanostructure dominates 
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in the product, still the simpler nanostructures with 3 branches (Figure 4.28b) and 8 
branches (Figure 4.28c) were also observed. Normally there are around 12 branches 
originating from the same core as shown in Figure 4.28d.  The progression of 3 
branches to multiple-branches Bi2S3 nanostructure was shown from the Figure 4.28b to 
Figure 4.28d. In the HRTEM analysis, it was found that the individual nanobranch is 
either single naonorod (Figure 4.28e) or composed of multiple nanorods, such as three 
nanorods align parallel (Figure 4.28f). Further each nanorod is also single crystallite. The 
width of 0.560 nm from neighboring lattice fringes corresponds to plane (020) of Bi2S3 
nanorods. Figure 4.28g confirms that these dandelion-like nanostructures are pure 
crystalline Bi2S3 phase and the electron diffraction pattern is consistent with XRPD 
pattern results shown in Figure 4.23c. 
Zooming of the core part of the multiple-branched nanostructure might have 
provided the answer why such structures form; however the thickness of the core part 
makes this measurement impossible. Recently there are several reports about the 
multipods,105,106 dendrons107 and multibranched nanostructures.107 Some researchers have 
proposed oriented attachment for the formation of those multipod nanostructures106 while 
others believed that the unusual shape may evolute during growth stage.95 The presence 
of PVP is known to play important role in the formation of well-defined Ag dendrites.108 
In the present, PVP stabilizer may be adsorbed onto the surfaces of Bi2S3 nanobranches 
by coordinating with both nitrogen and oxygen atoms in the polar pyrrolidone groups. 
This may exhibit steric hindrance and prompt the formation of dandelion-like 
nanostructures from individual Bi2S3 nanobranches due to its cross-linking ability since 
PVP has a linear structure and multiple coordinating sites (carbonyls).109 When the ratio 
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of precursor to PVP was increased from 1 : 10 to 1 : 25 or the reaction temperature was 
increased from 150 oC to 170oC, 190 oC, the size distribution of dandelion-like structure 
have become visibly wider (shown in Figure 4.29). 
   
  
  
Figure 4.28. (a) Typical TEM image of Bi2S3 dandelion like nanostructures with multiple 
branches (b) 3 major branches (c) 8 major branches (d) ca. 12 major branches (e) 
HRTEM image of single Bi2S3 nanorod as individual branch of dandelion like 
nanostructure (f) multiple Bi2S3 nanorods as individual branch (g) SAED pattern of Bi2S3 
nanostructure. 
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Figure 4.29. TEM image of Bi2S3 dandelion like nanostructures prepared from 
[Bi(SCOPh)3] (precursor : PVP = 1 : 25, 6 mL EG as solvent) for 1 hour heating at 
(a)170oC; (b)190oC. 
4.4.2.4 Nanoleaves, nanoflowers and nanocabages 
L-Cysteine (SHCH2CH(NH2)-COOH), a readily available cheap amino acid, has 
been used recently because it is a thiol containing both carboxyl and amino groups.110,111 
In this work, when cysteine was used as the surfactant to react with 16, Bi2S3 nanoleaves 
were obtained. Figure 4.30a shows a typical SEM image of nanoleaves. They have an 
average diameter of 89 ± 11 nm and length of 471 ± 52 nm. The high-magnification SEM 
image (Figure 4.30b) reveals that the Bi2S3 nanoleaves resemble some natural long leaves 
with wider middle part and two tapering points. When Bi(NO3)3·5H2O and NaOH reacted 
with cysteine in autoclave, the assembled nanoleaves formed nanoflowers with diameter 
of ca. 3.6 μm (Figure 4.30c and d). Cysteine can easily coordinate to Bi3+ first in this 
reaction as compared to single-source precursor Bi(SCOPh)3 and the Bi-cysteine complex 
decomposes to Bi2S3 nuclei for later anisotropic growth.94 Cysteine may be in 
Zwitterionic form in the reaction solution which assisted the dentritic assembly of the 
Bi2S3 nanoleaves.112 It is also possible that the reaction of amino group and carboxyl 
group of the neighboring cysteine molecule make dipeptide or polypeptide form. They 
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can serve as polymer template like PVP to assemble Bi2S3 nanoleaves to nanoflowers.94  
  
  
Figure 4.30. (a) and (b) typical SEM image of Bi2S3 nanodleaves; (c) and (d) Bi2S3 
nanoflowers. 
 When EDA was added to above reaction for nanoflowers synthesis, cabbage like 
morphology of Bi2S3 was obtained (Figure 4.31a). When zooming into these 
nanocabbages, the porous network feature has observed (Figure 4.31b). As a 
structure-directing molecular-coordination templates, EDA may absorb onto specific 
plane of Bi2S3 and induce 1D growth and self-assembly. It dominated the oriented 
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assembly process of nanocabbages and etched them further to porous network 
structures.113  The XRPD pattern results of the above three sample were shown in Figure 
4.23d-4.23f, which confirm that they are pure orthorhombic phase Bi2S3 nanomaterials. 
  
Figure 4.31. (a) and (b) typical SEM image of Bi2S3 cabbage-like nanostructure with 
porous network features.  
4.4.3 Conclusions 
In summary, single-source precursor, [Bi(SCOPh)3] as well as  Bi(NO3)3·5H2O 
with different sulfur sources were used to generate Bi2S3 nanomaterials with different 
morphologies, such as 1D nanorods, nanoleaves and some novel 3D superstructures like 
dandelion-like nanostructure, nanoflowers and nanocabage. By using bisurfactants DT 
and TOPO, the Bi2S3 nanorods were generated from [Bi(SCOPh)3]. When TOPO was 
replaced by OLA, the nanorods with groove on the surface were obtained. When 
precursor [Bi(SCOPh)3] was refluxed in EG, the Bi2S3 nanorods were also obtained. 
When polymer PVP was added to this refluxation, the interesting dandelion-like Bi2S3 
nanostructure was formed. When cysteine was reacted with precursor [Bi(SCOPh)3], the 
Chapter 4                                                     Nanoparticles 
 182
Bi2S3 nanoleaves was obtained. When the precursor was replaced by Bi(NO3)3·5H2O, the 
nanoleaves self-assembled to nanoflowers. Furthermore, when EDA was added to the 
nanoflowers synthesis reaction, Bi2S3 cabbage-like nanostructure with porous network 
features was obtained. All these various morphologies of Bi2S3 nanomaterials can be 
achieved in simple and convenient synthetic routes like colloidal solution and 
hydrothermal methods. 
4.4.4 Experimental 
All the solvents and chemicals unless stated otherwise were commercially 
available and used as received. [Bi(SCOPh)3], 16 was synthesized according to the 
reported method114 as follows: 
NaOH pearls (0.13 g, 3.3 mmol) were dissolved in 15 mL EtOH followed by 
addition of thiobenzoic acid (0.39 mL, 3.3 mmol) under a stream of N2. The resultant 
yellow solution was cooled in ice-bath before Bi(NO3)3·5H2O (0.53 g, 1.1 mmol) was 
added as solid. The mixture was stirred in ice-bath under inert conditions for 15 
minutes, followed by filtration and rinsing with H2O and MeOH. The product was 
then dried under vacuum. Yield: 0.52 g (76%). Anal. Calcd. for [Bi(SCOPh)3] (mol. 
wt. 620.53): C, 40.65; H, 2.44; S, 15.5. found: C, 40.31; H, 2.39; S, 15.43. 1H NMR (δ, 
d6-DMSO): 8.00 (1H, o); 7.66 (2H, p); 7.52 (2H, m). 13C{1H} NMR (δ, d6-DMSO): 
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Chapter 5. Conclusions and Future Work 
5.1 Summary of the present work 
In this project, lanthanides thiocarboxylates have been synthesized. Structure and 
thermal properties of these lanthanides complexes were investigated. Lanthanides 
thiocarboxylates [M(2,2’-bpy)(SC{O}Ph)3(H2O)]⋅Et2O (M = La 1, Pr 2 and Sm 3) have 
eight-membered ring formed by strong hydrogen bonds between two Et2O solvates and 
two aqua ligands, which is able to retain Et2O above its boiling temperature, 34.6ºC. 
These findings contribute the better understanding of host-guest interactions for 
controlling and retaining the guests in the crystal lattice and potential applications in gas 
storage, selective gas recognition and separation. Moreover synthesis and structure of 
[M(2,2’-bpy)2(SC{O}Ph)3] where M = La (4) and Pr (5), 
[Yb(2,2’-bpy)(SC{O}Ph)3]⋅CH2Cl2 (6a) were investigated. They were used as 
single-source precursors for Ln2O2S (Ln = La, Pr and Yb) compounds. This method did 
not require very high temperature that is usually used in making Ln2O2S by conventional 
methods. These lanthanides oxysulfides may find potential application as attractive 
luminescence materials, which are yet to be investigated. 
Some bimetallic thiocarboxylates such as [Mg{In(SC{O}Ph)4}2], 7 and 
[Ca(H2O)x{In(SC{O}Ph)4}2]·yH2O (x = 0, y = 1, 8 major product; x = 1, y = 0, 8a minor 
product; x = 2, y = 2, 8b minor product) were successfully synthesized and their crystal 
structures were described. In 8a, [Ca(H2O)2{In(SC{O}Ph)4}2] forms a channel structure 
in which a single-stranded hydrogen-bonded water chain is trapped. The bimetallic 
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thiocarboxylates 7 and 8 are useful precursors for making MgIn2S4 and CaIn2S4 which 
are potential materials for optoelectronics applications. 
Another key contribution of this study was successful synthesis of various metal 
sulfides thin film and NCs. Lanthanum sulfide (La2S3) thin film from single-source 
precursor [La(2,2’-bipy)(S2CNEt2)3], 9, by MOCVD was obtained. The thickness of these 
films ranges from 2.0 to 9.5 µm. The triangular facets of La2S3 observed in the thin films 
appear to indicate that synthesis of triangular NCs of La2S3 is not far reaching. The 
formation of La2S3 thin films is important in exploration of its photosensitive and 
thermoelectronic properties. Moreover molybdenum sulfide (MoS2) thin film from 
single-source precursor [Mo2(SC{O}Me)4(PPh3)2], 10, by MOCVD was also obtained. 
The diameter of the MoS2 thin films varied from 45 – 77 nm. The thickness of the film is 
from 1.30 to 1.95 μm. The hexagonal phase MoS2 nanostructure may have high 
catalytical activity for hydrodesulphurization of crude oil, which are yet to be 
investigated. 
Another significant finding in this project is the synthesis of the binary or 
ternary metal sulfides NCs by colloidal solution or hydro/solvothermal methods from 
single-source or dual-source precursors. Recently colloidal nanoparticles of different 
binary compounds have been studied extensively while exploration of more complex 
semiconductor materials such as ternary sulfides was neglegated or not successful. In 
this work, colloidal NCs of metastable orthorhombic AgInS2 was obtained by 
decomposing [(Ph3P)2AgIn(SCOPh)4], 12, in DT and OA at 125 - 200˚C. These well 
dispersed NCs show significant third order non-linear optical properties. The mean 
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diameter of the individual AgInS2 NC is measured to be 13.9 ± 1.8 nm. The 
monodispersed polyhedral shaped AgInS2 NCs was also obtained from the precursors 
[Ag(SC{O}Ph)], 13, and [In(2,2’-bipy)(SC{O}Ph)3], 15. In the reaction, a 
heterobimetallic thiobenzoate intermediate similar to the single-source precursor 12 
has been proposed to have formed which decompose subsequently to AgInS2 NCs. 
Finally Bi2S3 nanomaterials with various morphologies, including nanorods, 
dandelion-like nanostructures, nanoleaves, nanoflowers and nanocabages-like 
nanostructures were obtained by colloidal solution or hydro/solvothermal method. In 
this synthetic route, single-source precursor, [Bi(SCOPh)3], 16, has been used to 
generate Bi2S3 nanomaterials with 1D or other 3D complex morphologies. 
Multiple-source precursors to Bi2S3 NCs by using hydrothermal method have offered 
some interesting morphologies, such as nanoflowers and nanocabages-like 
nanostructures.  
In conclusion, the coordination chemistry, structure features and thermal 
properties of several metal thiocarboxylates have been investigated. The use of these 
metal complexes as single molecular precursors to generate metal sulfide materials was 
explored. The physical properties of metal sulfide powders, thin films and NCs have been 
studied and the information will be useful for some nanodevice fabrication in the future. 
This thesis has provided a practical way of transforming sulfur containing precursor to 
corresponding metal sulfide materials.  
5.2 Suggestion for Future Work 
Lanthanide compounds have attracted intense attention for their electronic, 
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magnetic, optical and chemical properties. It should be highlighted that lanthanide 
oxysulfides have high performance as fluorescence materials. In addition, they have 
significant applications, such as in radiation intensifying screens, X-ray-computed 
tomography, oxygen storage and medical imaging radiation detectors. As the extension of 
this project, series of lanthanides thiocarboxylates (Ln = Ce, Nd, Eu→Tm and Lu) can be 
synthesized. Luminescence and structural properties of these complexes can be further 
studied. Also these lanthanides thiocarboxylates can be used as single-source precursors 
to generate corresponding lanthanides oxysulfide NCs with different morphologies by 
experimental conditions. The synthesized lanthanide thiocarboxylates can also be used to 
grow Ln2O2S thin film by AACVD. The lanthanides oxysulfide NCs doped with other 
metal may show unusual fluorescence properties or other size-dependent properties.  
Other neutral lanthanides diethylthiocarbamates, [Ln(2,2’-bipy)(Et2NCS2)3] (Ln = 
Ce→Nd, Sm→Lu) can also be synthesized and used as single-source precursors to 
produce corresponding lanthanide sulfides NCs or thin films. These lanthanide sulfides 
nanomaterials will find wide applications in electronic devices and biological systems. 
According to preliminary results, lanthanum sulfide thin film showed magnetic properties 
while normally lanthanide sulfide bulk did not have this property. Therefore the magnetic 
properties of lanthanide sulfides can be further studied. It will answer the pertaining 
question on the fundamental properties of magnetic materials in the nanometer size 
regime. 
In this work, only the commercially available thiobenzoic acid and thioacetic acid 
were used for metal thiocarboxylates synthesis. It may be extended to thiocarboxylates 
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with bulky, long chain or difunctional substitutes which would be very useful to prepare 
water soluble metal sulfides NCs.  
Transition metal dichalcogenides WX2 (X = S, Se) are semiconductor materials 
which exhibit a layered structures consisting of covalently bonded X-W-X trilayers, 
separated by a relatively large van der Waals gap. Due to these features, the MX2 show 
numerous properties in the fields of catalysis, electrocatalysis, electrochemical 
intercalation and solid lubrication. The deposition of WS2 or WSe2 thin films can be 
attempted using single-source precursors tungsten thiocarboxylates or thiocarbamates by 
MOCVD. 
The ternary chalcogenides are wide-band semiconductors with high resistance and 
they have thermo-mechanical properties for mid-infrared nonlinear optical applications. 
Some of these compounds are now produced in large scale to allow their implementation 
in optical parametric oscillators and solar cells. The work can be extended to other 
ternary metal sulfides especially from same group, such as copper indium sulfide, copper 
gallium sulfide and silver gallium sulfide. 
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Chapter 6 Experimental 
6.1 General 
All of the following chemicals were used as received without further purification 
1) LaCl3⋅7H2O (Merck) 
2) PrCl3⋅6H2O (Aldrich) 
3) Sm(NO3)3⋅6H2O (Aldrich) 
4) YbCl3⋅6H2O (Aldrich) 
5) MgO (Merck) 
6) Ca(OH)2 (GCE) 
7) InCl3 (Aldrich) 
8) Na(S2CNEt2)⋅3H2O (Lancaster) 
9) molybdenum acetate (Lancaster) 
10) PhC{O}SH (Lancaster) 
11) MeC{O}SH (Acros) 
12) 2, 2’-bipyridine (Aldrich) 
13) triphenylphosphine (BDH) 
14) Tri-n-octylphosphine Oxide – 90% (Aldrich) 
15) Hexadecylamine – 98% (Aldrich) 
16) Dodecanethiol – 98% (Aldrich) 
17) Oleylamine – Technical grade, 70% (Fluka) 
18) Ethylenediamine – 99.5% (Aldrich) 
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19) Oleic acid (Aldrich) 
 
MeOH was dried as follows: 0.5 g of magnesium turnings and 0.05 g of iodine 
was added to 100 mL MeOH in RBF. Warm the mixture until the iodine has disappeared 
and magnesium is converted to ethanolate. Distill off the MeOH directly into the vessel 
in which it is to be stored, using a standard apparatus. 
Copper grids (200 mesh) coated with amorphous carbon film were purchased 
from Solid Vision for TEM measurements.  
 
6.2 Elemental Analysis 
All element analyses experiments were performed by the microanalytical 
laboratory in the Department of Chemistry, National University of Singapore. 
 
6.3 Infrared Spectroscopy 
The infrared spectra (KBr pellet) of all compounds were recorded on a Bio-Rad 
Fourier transform infrared (FT-IR) spectrophotometer. 
 
6.4 NMR Spectroscopy 
1H and 13C{1H} NMR spectra were recorded with a Bruker ACF300 NMR 
spectrometer, with chemical shifts referenced to residual non-deuterated solvent. 
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6.5 ESI-MS 
Mass spectra were obtained with a Finnigan MAT LCQ (ESI) spectrometer.  
 
6.6 TGA 
Thermogravimetric analysis was recorded on a SDT 2960 simultaneous 
DTA-TGA. Approximately 10 mg of the sample was used under inert N2 flow (90 
mL/min) and a heating rate of 10 deg.min-1. 
 
6.7 X-ray Powder Diffraction 
X-ray powder diffraction experiments of the various samples were recorded using 
a D5005 Bruker AXS X-ray diffractometer at 25°C. 
 
6.8 X-ray Crystallography.  
The diffraction experiments were carried out at -50°C on a Bruker SMART CCD 
diffractometer with a Mo Kα radiation from a sealed tube. The program SMART1 was 
used for collecting frames of data, indexing reflection, and determining lattice parameters, 
SAINT1 for integration of the intensity of reflections and scaling, SADABS2 for absorption 
correction, and SHELXTL3 for space group and structure determination and least-squares 
refinements on F2. All the X-ray crystallographic experiments were performed by Dr. J. J. 
Vittal. 
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Additional crystallographic data in the form of CIF files are provided as a soft copy 
in the CD-ROM attached with this thesis. 
 
6.9 Scanning electron microscope 
SEM images of all the compounds were recorded on a JOEL 
JSM-T220A/JSM-5200 Scanning Microscope, with the accelerating voltage of 20 KV. 
The samples were smeared over a double-sided adhesive tape placed over an aluminum 
stub. All samples were gold coated before the SEM images were taken. 
6.10 TEM 
TEM and SAED patterns were obtained on a 100 kV JEM-100CXII TEM and 
300KV JEOL 3010 microscope. The samples were prepared by placing a drop of the NP 
solution dispersed in certain solution, e. g., toluene onto a copper grid, and was allowed 
to dry in desiccators. The HRTEM measurements were done by Dr. Liu Bing Hai from 
Department of Chemistry, National University of Singapore. 
 
6.11 EDX 
EDX of the sample were measured from the Oxford EDX machine, which 
coupled to the JEOL 3010 TEM. 
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6.12 NLO measurement 
The NLO measurements for AgInSe2 NRs were done by Assoc. Prof. Ji Wei et al. 
from Department of Physic, National University of Singapore. 
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Figure A1.Ball and stick diagram of 2. 
 
Figure A2.Ball and stick diagram of 3. 
